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Abstract 
 
 Due to their superior physical properties and wide use in various technological applications, the 
perovskite oxide ferroelectrics with the general formula ABO3 is one of the most important classes of 
multifunctional materials. However, the physical properties of these materials still remains unclear, especially, 
the microscopic origin of the anomalous behavior towards the Curie-temperature (TC) and also the phase 
transition mechanism. In solids, the optical and acoustical modes are found to be very sensitive to the structural 
phase transition and low-frequency relaxational mechanism. Therefore, in order to understand the structural 
phase transition mechanism and its related dynamics, inelastic scattering of light and terahertz time-domain 
spectroscopies (THz-TDS) are very important tool. Because, under different conditions, it gives us the 
information about the interatomic forces, internal and external vibrations, and relaxational dynamics 
associated with the ferroelectric phase transitions.  
 The compositional disorder i.e., the disorder in the arrangement of different ions on a 
crystallographically equivalent site, is a common structural feature of relaxor ferroelectrics (RFEs). And it is 
believed to be at the heart of thermal evolution of nanometric local entities known as polar nanoregions 
(PNRs). During the last half century, many researchers have tried to explain the diffuse phase transition 
behavior in relaxor ferroelectrics using various experimental and theoretical methods. However, nowadays, it 
is widely believed that the relaxor properties in ferroelectrics are generally due to the dynamics of PNRs. 
 In the present study, the inelastic scattering of light and THz-TDS techniques have been applied to 
investigate the physical properties of perovskite oxide ferroelectric materials with the different strength of 
random fields (RFs). To explain the phase transition mechanisms in relaxors, we study the characteristics 
temperatures associated with the evolution of PNRs by investigating the temperature dependence of their 
relaxation time. 
 In relaxor ferroelectrics, the role of randomly orientated polar nanoregions (PNRs) with weak RFs is 
one of the most puzzling issues of materials science. The relaxation time of polarization fluctuations of PNRs, 
which manifest themselves as a central peak (CP) in inelastic light scattering, is the important physical quantity 
to understand the dynamics of PNRs. Therefore, the angular and temperature dependences of depolarized and 
polarized CPs in 0.44Pb(Mg1/3Nb2/3)O3-0.56PbTiO3 (PMN-56PT) single crystals with weak RFs have been 
studied by Raman and Brillouin scattering, respectively. The CPs observed in Raman scattering show the very 
clear angular dependence which is consistent with the local tetragonal symmetry. And it is different from local 
rhombohedral symmetry with strong RFs for well-known Pb(Mg1/3Nb2/3)O3. In Brillouin scattering, 
depolarized and polarized CPs show two relaxation process corresponding to transverse and longitudinal 
fluctuations of PNRs. The remarkable slowing down towards the Curie temperature was observed for 
transverse fluctuations in local tetragonal symmetry. 
 Upon zero-field cooling, just below the Curie temperature, TC-T = 533 K, a group of additional peaks 
appeared in the Brillouin spectra. The appearance of these additional peaks reflects the formation of 
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multidomains. These additional peaks disappeared under the [100]-electric field, and it suggests that the 
ferroelectric multidomains transform into a single domain state. In the vicinity of TC-T, the anomalous change 
of C11 in a paraelectric cubic phase has been well reproduced by the power law which exhibits the three 
dimensional polarization fluctuations. The order-disorder nature of the ferroelectric phase transition has been 
confirmed by the analysis of sound attenuation based on the theoretical model by Levanyuk et al. We also 
report the complete set of independent elastic constants at two different crystal symmetries by first principles 
calculation. The elastic constants obtained from the Brillouin spectroscopy are in good agreement with the 
first principles calculation. 
 The physical origin of the first order Raman modes in PMN-17PT single crystals with intermediate RFs 
has also been studied by temperature and angular variations of Raman scattering. The strong Raman modes 
near 50 cm-1 and 550 cm-1 have been assigned to F2g and E(x,y) modes of Fm3̅m and R3m symmetries, 
respectively. In order to observe the relaxation dynamics of PNRs, we have also measured the temperature 
dependence of broad depolarized and polarized CPs by Brillouin scattering. The relaxation time determined 
from the width of the CPs shows stretched critical slowing down due to the intermediate RFs. 
The low-frequency infrared-active optical modes have been studied in a barium zirconate, BaZrO3, single 
crystal with the perovskite structure using THz-TDS. The real and imaginary parts of the dielectric constants 
have been accurately determined in the frequency range between 0.2 and 3 THz. Upon cooling from room 
temperature to 8 K, the lowest-frequency TO1 mode at 2.32 THz showed a pronounced softening to 1.94 THz. 
The real part of the dielectric constant at 0.5 THz determined by THz-TDS obeys Barrett’s relation and the 
existence of a plateau confirms that the quantum effects lead to saturation of the soft mode frequencies of the 
TO1 and TO2 modes below ≈ 20 K. This is reminiscent of incipient ferroelectrics with the perovskite structure 
such as CaTiO3. The phonon-polariton dispersion relation of the low-frequency infrared active TO1 and TO2 
modes has been studied from the real and imaginary parts of the complex dielectric constants at 8 K. The 
experimentally observed complex polariton dispersion relations are discussed by a damped harmonic oscillator 
model. First-order Raman active modes, forbidden in cubic Pm3̅m symmetry, have been observed in a BaZrO3 
single crystal, indicating the lowering of cubic symmetry.   
 Electric field induced domain switching and structural phase transition have been studied in (100)-
orientated BaTiO3 single crystals by micro-Brillioun scattering. During the field cooling (FC) process, the 
scattering of a longitudinal acoustic (LA) phonon by PNRs weakens and shift to higher frequency compared 
with that of zero field cooling (ZFC) process. At 303 K, a complete 90 degree domain switching is 
accomplished by the application of the electric field along [100]-direction. In a paraelectric cubic phase, an 
abrupt changes in the frequency shift and FWHM of LA phonon indicates the occurrence of the field induced 
phase transition from cubic to tetragonal phase. Based on these changes, an E-T phase diagram has been 
proposed. In order to identify the local symmetry of PNRs, the CPs have been measured by applying the 
electric field along [100] and [111] directions. The suppression and enhancement of CPs has been observed 
along [100] and [111] directions, respectively, reflecting the local rhombohedral symmetry of PNRs.  
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Chapter 1 
General Introduction 
 
1.1  Historical Review on Ferroelectrics 
 A historical review of ferroelectricity would date back to the discovery of piezoelectricity and 
pyroelectricity, namely, the electric polarization produced by mechanical strain [1], and the possession of 
temperature dependent spontaneous electric dipole moments [2], respectively. The term pyroelectricity was 
already known to people even in ancient times when it was observed that heating a certain material could make 
it attracts to the small object. A systematic study of piezoelectricity was established in 1880. At that time J. 
Curie and P. Curie discovered that the charge developed upon non-uniform and uniform heating which was 
actually a result of the thermal stress from a microscopic point of view [1]. However, the discovery of 
ferroelectrics came later that piezoelectricity and pyroelectricity owing to the fact that the ramdom distribution 
of domain polarizations at equilibrium give very little net polarization of for the bulk materials. Sodium 
potassium tartrate tetrahydrate (NaKC4H4O6.4H2O) is the first ferroelectric material which is also known as 
Rochelle salt. It is discovered by Valasek in 1920 when he found that its polarization could be reversed by the 
application of an external electric field [3-8]. However, the crystal structure of Rochelle salt is too complicated 
because of its 112 atoms and 4 formula units per unit cell. So far, still now it is one of the most complicated 
ferroelectric materials. Its structural complexity greatly discouraged the scientific community for any further 
theoretical studies. Therefore, the word “ferroelectrics” did not accepted widely until around 1935, when the 
first group of ferroelectric crystals e. g. dihydrogen phosphate (KH2PO4) [8-10] and ammonium salts 
((NH4)H2PO4) [11-13] were discovered. The major difference of these crystals with respect to Rochelle salt is 
that they have only 16 atoms and 2 formula units per unit cell which renders possible a thorough analysis 
towards their ferroelectric properties. Consequently, Slater came up with the first theoretical model of 
ferroelectricity which focused on the dipolar units given by the arrangement of the hydrogen bonds [14]. For 
a couple of decades it was believed that the hydrogen bonds were necessary for ferroelectricity since this 
model was reinforced by the experimental results. As a result, a very few effort was given for searching the 
ferroelectricity among the other crystals without hydrogen bonds. 
 However, the above statement was countered by Wul and Goldman, when they discovered the 
ferroelectricity in barium titanate (BaTiO3) in 1945 [15-18]. The discovery of ferroelectricity in BaTiO3 was 
a milestone in the study of ferroelectrics because it has quite number of intriguing properties. The crystals 
structure of BaTiO3 is cubic perovskite with only 5 atoms per unit cell which make them easier for theoretical 
analysis. The most exciting finding in BaTiO3 is that it is the forerunner of ferroelectric perovskite material, 
which is probably the largest group of ferroelectrics known today. 
 Its unique BO6 building block led to the finding of a series of ferroelectric crystals with similar 
structure, such as KTaO3, KNbO3, LiNbO3, PbTiO3 and so on. Over the years, the study of ferroelectrics has 
become a systematic branch of research, and the number of known ferroelectric materials has increased to 
hundreds.   
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1.2 Ferroelectricity 
 In material sciences, the terms piezoelectricity and ferroelectricity are closely related. Therefore, we 
start with the definition of piezoelectricity. The origin of piezoelectricity is the asymmetry of the crystals 
structures. It is known that there are 32 microscopic point groups in crystal symmetry, among them 11 point 
groups are centro-symmetric and 21 are noncentro-symmetric. A crystal having a centro-symmetric does not 
possess any polarity and also has no third-rank tensor properties such as linear electro-optic and piezoelectric 
effects. If a uniform stress is applied in such a materials, the resulting small movement of the charge is 
symmetrically distributed about the center of symmetry in a manner which brings about a full compensation 
of relative displacement [2]. The other 21 noncetro-symmetric groups can possess one or more 
crystallographic unique directions. All of the noncentro-symmetry groups exhibit third-rank tensor properties 
along a unique direction except 432 point group.  In the midst of the noncentro-symmetry groups, 10 point 
groups, i.e., 1, 2, m, mm2, 4, 4mm, 3, 3m, 6 and 6mm are referred to as pyroelectric classes. A crystal having 
one of this point group symmetry has a unique rotation axis, but does not have any mirror perpendicular to 
this axis. Consequently, the atomic arrangement at one end along the unique rotation axis is different from 
that at the other end. Hence, the crystal becomes bi-polar and it shows spontaneous polarization [19]. In 
addition, the application of small stress may create a displacement of positive and negative charge, hence 
creating a local dipole which lead to the possibility of long-range polarization. Ferroelectricity is the 
phenomenon which refers to the state of spontaneous polarization, i.e., polarization of the material in the 
absence of an electric field. 
 A materials is said to be ferroelectric when it possesses a spontaneous electric polarization in the 
absence of an external applied electric field, and the direction of the polarization can be reversed by the 
application of an external electric field. Ferroelectric materials are also piezoelectric and pyroeletric. In 
perovskite structure, the spontaneous polarization is caused by the long-rang ordering of unit cell dipoles, 
which are generated by the displacement of positive and negative charge centers. The important characteristics 
of ferroelectric materials are: (i) the existence of spontaneous polarization and ferroelectric domains (ii) P-E 
hysteresis loop and (iii) ferroelectric Curie temperature (TC) at which a ferroelectric crystal undergoes a 
structural phase transition from a paraelectric phase to ferroelectric phase.  
 
1.3  Characteristics of Ferroelectrics 
1.3.1 Ferroelectric Domains 
 In a ferroelectric material, domains are regions with the same polarization directions. The spontaneous 
polarizations in different domains are along different directions, which results is zero net polarization and 
depolarizing field. The interface between two domains (usually a few unit cells thick) called domain walls. 
Depending on the angles between polarizations in adjacent domains, there exist 90o, 180o, 79o, and other 
domains. Figure 1.1 shows a schematic illustration of 90o and 180o domains.  
 
 
3 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1.3.2 P-E hysteresis loop  
  
 
 
 
 
 
 
 
 
 
 
 
 
  
 The typical ferroelectric P-E hysteresis loop is displayed in Fig. 1.2. When an external electric field 
is applied in one direction, the polarization of domains with an unfavorable direction of polarization trend to 
align towards the direction of the applied electric field [19]. Under a sufficient electric field, all of the domains 
are aligned to the direction of the field and the nominal value of the polarization becomes a maximum which 
is called saturated or spontaneous polarization, Ps. This process is reversible and is called polarization 
switching. However, if we reduces the filed to zero, the polarization does not goes back to the initial value. 
The amount of switchable polarization after the removal of an applied field is called the remnant polarization, 
Pr. The application of the reverse electric field is required to reach the initial state of polarization. The strength 
P
P
(a) (b)
Figure 1.1. Illustration of (a) 90o and (b)180o domains. Spontaneous polarizations are 
                   represented by the arrows. 
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Fig. 1.2. Typical diagram of a P-E hysteresis loop in ferroelectric materials. 
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of the electric field to bring the initial sate of polarization is called the coercive field, EC. The process can be 
repeated.    
 
1.3.3 Ferroelectric Phase Transition and Curie Temperature 
 One of the most important property of the ferroelectric materials is its structural phase transition over 
a wide temperature ranges. At a certain temperature at which a ferroelectric material under goes structural 
phase transition from a paraelectric phase to a ferroelectric phase is called the Curie temperature (TC). If there 
exists more than one ferroelectric phase in a crystal, the TC can be define only the temperature at which a 
paraelectric to ferroelectric phase transition occurs. The temperature at which a crystal transforms from one 
ferroelectric phase to another ferroelectric phase is simply called the transition temperature.  
  
 
 
 
 
 
 
 
 
 
 The concept of phase transition in a ferroelectric materials is very important for explaining 
ferroelectric properties. In general, the phase transitions are characterized by a quantity referred to as the order 
parameter, η(T), which decreases with increasing temperature and goes to zero at the TC. The parameter η(T) 
denotes the polarization in the case of ferroelectric phase transition. Depending on the nature of the order 
parameter and the details of its interaction with the macroscopic parameter such as strain, three different types 
of phase transitions are observed in crystals, namely; order-disorder, displacive, and electronic. The order-
disorder and the displacive phase transitions involve order parameters which are primarily atomic, whereas 
electronically induced transitions involve an electron-lattice coupled order parameter.  
 It is possible to distinguish the order-disorder and the displacive types of phase transition in terms of 
a single cell potential (Fig. 1.3.) for a special coordinate Q with an anharmonic potential of the form [20]  
                                                    V(Q) = aQ2+bQ4                                (1.1) 
with constants a < 0 and b > 0. The Eq. (1.1) corresponds to a double well potential with an energy difference 
V0 between the maximum and two minima. When V0 >> kT0 (T0 is the transition temperature), the phase 
transition would be an associated with the dynamic ordering at one site or orientation. When V0 << kT0, a 
cooperative displacements of atoms along Q occurs upon cooling from high temperature, which describes the 
limiting case of a displacive type phase transition. In an inelastic light scattering, the displacive type phase 
Qi
V(Qi)
(a)
V0
V0 >> kT0
V(Qi)
(b)
V0
V0 << kT0
Qi
Fig. 1.3. Single cell potentials in (a) order-disorder type and (b) displacive type structural phase 
         transitions. 
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transition is identified by the existence of the soft optic phonon, whereas the presence of a central peak 
symbolize the order-disorder type phase transition in case of ferroelectric materials. 
 
1.3.4 Piezoelectric Effect 
Piezoelectricity is the electric charge that accumulate in a certain solid materials in response with an 
applied stress. The term “piezoelectricity” comes from the Greek word piezo or piezein, which means to 
squeeze or press. In a crystalline material with centro-symmetry structure, the piezoelectric effect is 
understood as the linear electromechanical interaction between the mechanical and the electrical state. For a 
ferroelectric material in which the paraelectric phase is centro-symmetric, the piezoelectric coefficient dmij can 
be expressed as a derivative of strain to electric field by 
                                                   dmij = 
∂Sij
∂Em
=
QijklPk∂Pl
∂Em
+
QijklPl∂Pk
∂Em
                                            (1.2) 
                                                   dmij = QijklPkεlm+QijklPlεkm                                                (1.3) 
where εij is the dielectric permittivity. 
 
1.3.5 Electrostrictive Effect 
When an electric field is applied to a dielectric material, it produces a strain proportional to the square 
of the field. The term “electrostriction” is an electromechanical phenomenon in all dielectric materials, and it 
is caused by a small displacements of ions in the crystal upon being exposed to an external field result in 
overall strain in the direction of the field. The electrostrictive effect describes the electric field/polarization 
induced strain (Sij), which is proportional to the square of the electric field/polarization in the following 
equations: 
                                                   Sij = MijklEkEl                                                                   (1.4) 
                                                   Sij = QijklPkPl                                                                      (1.5) 
where Mijkl and Qijkl are the electrostrictive coefficients. The electrostriction is a four-rank tensor property and 
it can be observed in all crystalline materials [21]. The coefficients of electrostrictive effect are related to each 
other via the dielectric susceptibility by the following relation: 
                                                   Mijmn =  ∑ χkmχlnQijklkl                                                        (1.6)   
The Eq. (1.6) holds good only for weak fields, therefore the Eq. (1.5) is more suitable one to explain the 
electrostrictive effect. Whereas, the Eq. (1.6) is always valid for pure electrostrictive effect. In a ferroelectric 
material, therefore, piezoelectric effect is a kind of electrostriction biased by the Ps. Normally, the piezoelectric 
effect is much larger than the electrostrictive effect. However, in a certain material, the electrostrictive effect 
dominates and is preferred because the strain direction is independent of the field direction and hysteresis 
effects are reduced. The Pb(Mg1/3Nb2/3)O3 (PMN), PbTiO3 (PT) and PMN-xPT are the most commonly used 
electrostrictive materials. 
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1.4 Typical Ferroelectrics 
 Depending on the dielectric, polarization, and phase transition properties, ferroelectrics can be 
classified into three different categories [2,22]: 
(i) Normal ferroelectrics 
(ii) Relaxor ferroelectrics 
(iii) Incipient ferroelectrics/quantum paraelectrics 
 
(i)  Normal Ferroelectrics 
  
 
 
 
 
 
 
 
 
 
 
 
 The normal ferroelectric materials demonstrates a very weak frequency dependent of the dielectric 
permittivity and it under goes a sharp or progress vanishing of the spontaneous polarization, Ps, related to the 
first or second order phase transitions. In a paraelectric phase of normal ferroelectrics, the dielectric constant 
follow the well-known Curie-Weiss law as follows: 
                                            
1
ε
 = 
(T-T0)
C
 , T > T0                                                            (1.7)  
where T0  is the Curie-Weiss temperature and C is the Curie-Weiss constant. In the case of a first-order phase 
transition, T0 < TC, while for the second-order phase transition, T > TC. The temperature dependence of the 
dielectric constant of a normal ferroelectric BaTiO3 [23] single crystal is shown in Fig. 1.4. 
 
(ii) Relaxor Ferroelectrics 
  The relaxor ferroelectrics (RFEs) possess a diffuse and frequency dependent phase transition over a 
wide range of temperature as shown in Fig. 1.5 [24].  In the high temperature range RFEs first follow the 
Curie-Weiss law, but shows the deviation from it near the Burns temperature, TB, at which dynamic polar 
nanoregions (PNRs) begins to appear. Therefore, below the TB, the dielectric permittivity does not obey the 
simple Curie-Weiss law. In fact, in the paraelectric phase of the RFEs the dielectric constant changes with 
temperature in the following fashion [25]: 
375 390 405 420
3000
6000
9000
12000
15000
 
 
'
Temperature (K)
 30 kHz
 2.6 GHz
T
C
Fig. 1.4. The temperature dependence of the dielectric constant of a BaTiO3 (BT)[23] single crystal at 
some selected frequencies. 
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1
ε
 = 
1
εm
[1+
(T-Tm)
γ
2δ
2 ],      (T >Tm) ; 1 < γ ≤ 2                  (1.8)            
where εm is the magnitude of the dielectric peak at the Tm. γ and δ are fitting parameters mentioning the degree 
of the diffuseness of the phase transition. When γ = 1, Eq. (1.12) is the same as Curie-Weiss relation, while 
the case of γ = 2 describe a typical relaxor property. It is believed that such a peculiar properties in relaxor 
ferroelectrics attributed to random fields related to PNRs. 
 
 
 
 
 
 
 
 
 
 
 
 
                                                                      
(iii) Incipient Ferroelectrics/Quantum Paraelectrics 
 Except normal and relaxor ferroelectrics, there is also another type of ferroelectrics which is known 
as incipient ferrelectrics/quantum paraelectrics. This is a type of ferroelectrics where the onset of ferroelectric 
order is suppressed by quantum fluctuations due to zero point vibrational energy. According to theory of soft 
mode of ferroelectricity, this occurs when a ferroelectric instability is stabilized by quantum fluctuations. 
Therefore, the soft-mode frequency never becomes unstable as opposed to a regular ferroelectric. 
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Fig.1.5. The dielectric constant of the Pb(Mg1/3Nb2/3)O3 (PMN) [24] single crystal  at some selected 
frequencies as a function of temperature. 
 
Fig.1.6. The dielectric constant of the KTaO3 (KTO) [27] single crystal as a function of temperature. 
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This is associated with an anomalous behavior of the dielectric susceptibility. In a normal ferroelectric, close 
to the onset of the phase transition the dielectric susceptibility diverges as the temperature approaches 
the Curie temperature. However, in the case of a quantum paraelectric the dielectric susceptibility diverges 
until it reaches a temperature low enough for quantum effects to cancel out the ferroelectricity. In this case the 
dielectric constant changes with temperature in the following way [26]: 
     ε =
C
[(
T1
2
) coth(
T1
2T
)-TC]
       (1.9) 
where C is the Curie constant, T1 is the saturation temperature, and TC is the classical Curie temperature. Figure 
1.6 represents the dielectric behavior of incipient ferrolectric KTaO3 single crystals [27].  
 
1.5  Theory of Structural Phase Transition of Ferroelectrics 
1.5.1  Thermodynamics of the Phase Transition 
 After the discovery of ferroelectricity in Rochelle salt [3], the mechanism of ferroelectricity remained 
a mystery in scientific community for many years. In order to explain the origin of ferroelectricity, many 
microscopic models were given. Devonshire developed a phenomenological approach based on Landau-
Ginzburg phase transition theories by choosing the polarization P as an order parameter [28,29] which is used 
extensively to explain the phase transition. In this theory, the thermodynamic potential is expressed in terms 
of an order parameter. In general, the most convenient thermodynamic potential is the elastic Gibbs function, 
G1, which can be expressed as a function temperature, stress, and polarization [30]. For simplicity, Devonshire 
considered a ferroelectric crystal having an intrinsic spontaneous polarization, Ps, along a specific axis, and 
expressed the G1 as a function of polarization by the following equation [29]: 
                                 G1(T , P) =G0(T ) + 
1
2
𝛽(T)P2+
1
4
ξ(T)P4+
1
6
ζ(T)P6+… ,                     (1.10) 
 where in general, the coefficient G0, β, ξ, ζ……., are the functions of temperature, T.  G0 is the elastic Gibbs 
free energy for P = 0. A stable state of a thermodynamic system is characterized by the minimum value of the 
free energy, G (G1 = G, when E = 0). Therefore, when a crystal exhibits a stable Ps at a certain temperature, 
then the conditions for the minimum value of the G are given by  
                               E = (
∂G
∂P
)
Ps
= 0,  (
𝜕2G
∂𝑃2
)
Ps
> 0 , or  (
𝜕𝐸
𝜕𝑃
)
𝑃𝑠
= 𝜒−1 > 0                            (1.11) 
If we combine Eqs. (1.10) and (1.11), the equation of state for the ferroelectric system takes the following 
form: 
                                E =
∂G
∂P
=Ps(β+ξPs
2+ζPs
4) = 0,                                                      (1.12) 
                               χ-1=(β+3ξPs
2+5ζPs
4) > 0                                                             (1.13) 
where E is the Maxwell field (parallel to Ps). The G versus Ps curves are qualitatively drawn in Fig. 1.7 (a) 
with the Eq. (1.10) in which ξ and ζ are positive. If the value of the β is positive, the free energy curve has 
single minimum at Ps = 0. But when β is negative, the curve acquires a double-minimum at non-zero value of 
polarization. Since the minima describe the equilibrium value of polarization as a function of temperature, 
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therefore the change of the value of the β from positive to negative corresponds to change of the stable 
paraelectric state with P = 0 to a ferroelectric state with Ps ≠ 0. This is called the ferroelectric phase transition.       
For Ps = 0, the Eq. (1.13) can be expressed as 
                                                 χ-1= β>0                                                                       (1.14) 
It is clear that β must be a positive value when a paraelectric phase is stable. Therefore, the boundary condition 
at TC is β ≥ 0. Expanding β as a Taylor series in (T-T0) and considering only the first term in (T-T0), β can be 
expressed as 
             β = β
0
(T-T0)                                                                       (1.15) 
If Eqs. (1.14) and (1.15) are combined, then the dielectric susceptibility can be expressed by the following 
equation: 
                                                χ = 
1
β (T-T0)
                                                                            (1.16) 
This is known as the Curie-Weiss law that applies to the dielectric permittivity in a paraelectric phase. Since 
ξ and ζ have a very weak temperature dependence, therefore it can be neglected. However, in the case of Ps ≠ 
0, one result corresponds to first order phase transition when ξ < 0, and other result to a second order phase 
transition when ξ > 0.  According to the Devonshire theory, the temperature dependence of the free energy, 
polarization, and dielectric susceptibility for the second order and first order phase transition are displayed in 
Fig. 1.7 and 1.8, respectively. 
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Fig. 1.7. The temperature dependence of (a) the free energy, (b) polarization, and (c) dielectric 
susceptibility for the second order phase transition. 
Fig. 1.8. The temperature dependence of (a) the free energy, (b) polarization, and (c) dielectric 
susceptibility for the first order phase transition. 
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1.5.2 Devonshire Theory 
Devonshire rationalized the phase and phase transition mechanism in ferroelectric materials in terms of 
Landau-type expansion of the free energy by choosing an order parameter polarization, P.  He induced a 
straightforward model with a single temperature dependent second order coefficient and three temperature 
independent higher order coefficients for the expansion of the free energy to six order in P [28] The free 
energy, G, can be expressed as a function of polarization components Px, Py, and Pz by the following relation: 
  G =
1
2
β(Px
2+Py
2+Pz
2)+
1
4
ξ11
' (Px
4+Py
4+Pz
4)+
1
2
ξ12
' (Py
2Pz
2+Pz
2Px
2+Px
2Py
2)+
1
6
ζ'(Px
6+Py
6+Pz
6)          (1.17) 
where β is a decreasing function of temperature which passes through a zero value in the vicinity of the 
paraelectric to ferroelectric phase transition, and  ξ11
'
,  ξ12
'
, and ζ' are the temperature independent coefficients 
in which ζ' > 0, ξ12
' > 0, and ξ11
' < 0. 
The derivatives of the free energy, G with respect to Px gives the field component for the unstressed crystal. 
                                Ex=
∂G
∂Px
=βPx+ξ11
' Px
3+ξ12
' Px(Py
2+Pz
2)+ζ'Px
5                        (1.18) 
Without an electric field, Ex must be zero and to maintain the stability, free energy must be a minimum. When 
the value of β is sufficiently large, the minimum value of G corresponds to zero polarization. However, for 
small or negative value of β, the minimum value of the G will correspond to a finite polarization. The second 
order term in Eq. (1.17) is the direction independent, but for a given resultant polarization the fourth and sixth 
order terms have its minima along the axial and diagonal directions, respectively. Thus, upon cooling, the 
magnitude of the polarization increases and the direction of the polarization will change from an axial to a 
diagonal one. For zero electric field, the Eq. (1.18) and similar equations become: 
                               Px= 0, or ζ
'Px
4+ξ11
' Px
2+ξ12
' (Py
2+Pz
2)+β = 0,  
                               Py= 0, or ζ
'Py
4+ξ11
' Py
2+ξ12
' (Pz
2+Px
2)+β = 0,                    (1.19) 
                               Pz= 0, or ζ
'Pz
4+ξ11
' Pz
2+ξ12
' (Px
2+Py
2)+β = 0.   
               
There are four sets of solution of these equations for a corresponding minima of G: 
                              Px=Py=Pz= 0, 
                              Px=Py= 0, ζ
'Pz
4+ξ11
' Pz
2+β = 0,    
                              Px= 0, Py= Pz ,   ζ
'Pz
4+(ξ11
' +ξ12
' )Pz
2+β = 0,                          (1.20) 
                              Px=Py=Pz ,  ζ
'Pz
4+(ξ11
' +2ξ12
' )Pz
2+β = 0  
 
Therefore, upon cooling from high temperature, the polarization, which was zero in the paraelectric phase, 
will in turn point along a cubic edge, a face diagonal, and a body diagonal. The corresponding effect on the 
crystal symmetry will be to change from the paraelectric cubic ( Pm3̅m) symmetry successively to tetragonal 
(P4mm), orthorhombic (Pmm2) and rhombohedral (R3m) symmetry. The typical directions of polarization in 
respective phase are depicted in Fig. 1.9. 
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1.5.3 First Principles Calculations 
 A first-principles methods is one that seeks to calculate a physical quantity starting directly from the 
established law of physics without making assumptions such as empirical or fitted parameters. For many 
electron system, the exact solution of the Schrödinger equation is impossible because it is a 3N-dimensional 
differential equation, where N is of the order of 1023
 
for a bulk material. To find the charge density and total 
energy and its derivatives, most of the first-principles studies of ferroelectrics have used the density functional 
theory (DFT), which reduces the problem to solution of a 3-dimensional differential equation. The derivatives 
are used to calculate the elastic and piezoelectric constants, as well as vibrational frequencies. In principle, 
DFT is exact, but the exact functional is not known explicitly, so approximations are used. The most 
commonly used approximation in first principles is the local density approximation (LDA). In the LDA 
method, the complicated many-body interactions among the electrons at each point in space in a material are 
considered as the same as the interactions in an electron gas of the same density as that density at that point. 
This is a surprisingly good approximation. A lot of studies have been performed using these methods since 
the 1960s, and now the materials physicist have a very good idea of their accuracy and reliability. Now a days, 
many physical properties can be computed with reasonable accuracy such as volumes which are typically 
within a few percent of experiment, phase stability and phase transitions. The small error in volume is not 
(c) 
(d) 
(a) 
(b) 
Fig. 1.9. Schematic illustration of the direction of polarization in (a) cubic phase (b) tetragonal phase (c) 
orthorhombic phase (d) rhombohedral phase. 
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greatly significant in many materials, but for ferroelectrics, it is vital. Because ferroelectrics are extremely 
sensitive to pressure (volume).  
 An important advance in theoretical understanding of polar solids came after the development of the 
first-principles theory of polarization [31-33]. It is known from many textbooks that the polarization is not the 
dipole moment in a unit cell of a material, which actually depends on the choice of unit cell. While the 
polarization is computable as a Berry’s phase from the wavefunctions, and can be considered of as a current 
flow from one phase to other. Therefore, it is the change in polarization that is computable. If the reference 
state is centrosymmetric, the polarization is the charge flow from that state to the final state.  
 The development and implementation of the density functional perturbation or linear response theory 
allows direct computation of phonon frequencies as well as transverse effective charges, [34, 35]. Currently, 
the elastic and piezoelectric constants are also calculated [36]. Such type of inear response methods solve 
directly for derivatives of the Kohn-Sham equations to obtain the derivatives of the energy with respect to 
perturbations in the potential. Therefore, the dynamical matrix can be obtained directly and diagonalized, 
giving the quasiharmonic phonon frequencies, which gives insight into the underlying of crystal instabilities. 
Then this result can be compared with vibrational spectroscopy from Raman or infrared spectroscopy 
experiments, and to inelastic neutron and X-ray scattering. In the phonon-dispersion relation, a huge amount 
of information is contained, particularly when coupled with the phonon eigenvectors, which are not generally 
available experimentally.  
 In piezoelectrics, the major problems appear due to the temperature or complex solid solutions. As a 
result, it cannot be treated efficiently using only first-principles methods directly. In order to resolve this issue, 
effective Hamiltonians and potential models, both fitted to first-principles computations, allow the 
computation of anharmonic dynamical properties and non-equilibrium phenomena. By using this method, the 
ferroelectric switching, as well as thermal properties for complex chemically disordered or heterogeneous 
materials can be solved. Recently, first-principles based effective Hamiltonians have been exploited especially 
very well for ferroelectrics, starting with the pioneering work of Rabe and Joannopoulos [37].  
 
1.5.4 Molecular Dynamical Simulations 
 Molecular dynamics (MD) is a computer based simulation method which is used to study the physical 
movements of atoms and molecules, and is therefore called N-body simulation. The history of MD dates back 
to the mid of 1950’s, when the first computer based simulations on a simple system were performed. At that 
time, the MD simulations were time consuming and computationally expensive. As the simulating speed is 
getting faster and faster, even the computations of solvated proteins can be calculated up to the nanosecond 
and microsecond time scales. 
 Molecular dynamics simulations are in many aspects very similar to the experimental results. Using 
MD simulations, it is possible to investigate the equilibrium and transport properties, and model detailed 
microscopic dynamical behavior of many different types of systems as found in physics, chemistry and 
biology. All the atoms and molecules are allowed to interact for a fixed period of time, giving a view of the 
dynamical evolution of the system. The dynamics is propagated by using the Newton’s equation of motion for 
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a system of interacting particles. The basic equation for the MD simulations is the Newton’s second law F = 
ma, where F is the force exerted to the particle, m is the mass and a is the acceleration. With the known 
interatomic potential, the force on each atom can be derived which allows to determine a for each atom by 
integrating the equation of motion. Therefore, it helps to trace the trajectories that describes the positions x, 
velocities v, and accelerations a for every particles as it moves in time t. From this trajectories, it is possible 
to get the average values of the properties of interests as a function of atoms positions and momenta. 
 
1.6  Perovskite Structure 
 The term “perovskite” is originated from Perovsky who discovered mineral crystals composed of 
calcium titanate, with the chemical formula CaTiO3. The materials which have the same type of crystal 
structure as CaTiO3, known as the perovskite structure. Many compounds belonging to the perovskite-like 
structure family present outstanding electrical properties. Although CaTiO3 is the natural mineral presenting 
the perovskite material, BaTiO3 is widely used as a reference material in the dielectric industry. The general 
chemical formula for perovskite oxide compounds is ABO3, “A” represents a cation with a larger ionic radius, 
“B” a cation with a smaller ionic radius, and O is oxygen atom. A unit cell of the ideal perovskite ABO3-type 
cubic perovskite structure is shown in Fig. 1.10. Most of the ferroelectrics with the perovskite-type structure 
are compounds with either A2+B4+O3
2- or A1+B5+O3
2--type formula. The crystals with perovskite ABO3-type 
structure, and its derivative have received significant attention because the structure can accommodate various 
metals with a wide range of valence and ionic radii. The perovskite structure is essentially a three dimensional 
network of BO6 octahedral, it can be considered also as a cubic close pack arrangement of “A” and O ions 
with “B” ions filling the octahedral interstitial positions. The competition between the degree of freedom of 
each sublattice leads to different structural variants such as atom displacements and/or octahedral tiltings [38-
40].  As a result, more or less important distortions from the ideal cubic structured are observed. Such type of 
distortions can be limited to the local symmetry: nanoregions or nanodomains or can give rise to the long 
range order structural phase transition sequence. The perovskite structure is very important in materials science 
due to the following reasons: 
 
(i) Very stable structure, large number of compounds, variety of properties, many practical applications. 
(ii) Key role of the BO6 octahedra in ferromagnetism and ferroelectricity. 
(iii) Extensive formation of solid solutions  material optimization by composition control and phase 
transition engineering. 
The other important factor which plays a vital role in perovskite material is the tolerance factor. The stability 
of the BO6 octahedral can be described by the tolerance factor, t: 
                                                              t = 
RA+RO
√2(RB+RO)
                                              (1.21) 
where RA, RB and RO are the ionic radii of A, B and O ions, respectively. The t can be used as a degree of 
distortion of a perovskite from the ideal cubic phase. 
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Therefore, the closer to the cubic, the value of the t closer to the unity. Normally, in order to form a stable 
perovskite structure, one requires 0.9 < t < 1.1. Above the TC, these materials have a centro-symmetric structure 
and therefore lose all spontaneous polarization. In this state, the material is termed as paraelectric. When the 
temperature is lowered trough the TC, a phase transformation takes place from the paraelectric to the 
ferroelectric state. The transitions from the ideal cubic phase to the tetragonal, orthorhombic, and 
rhombohedral phases are well known in many perovskite ferroelectric materials. These transitions from the 
cubic perovskite structure proceed from a simple distortion of the cubic unit cell, or an enlargement of the 
cubic unit cell, or a combination of both. 
 
 In the case of many perovskites, the “A” and “B” sites are substituted by different ionic species with 
different valences and ionic radii. Consequently, the so-called “perovskite solid solution”, with a general 
formula of A’1−xA”xB’1−xB”xO3, appears. The unusual electromechanical properties of lead-oxide perovskite 
(ABO3) relaxors such as Pb(Mg1/3Nb2/3)O3 (PMN) based Pb(Mg1/3Nb2/3)1-xTixO3 (PMN-xPT), Pb(Zn1/3Nb2/3)O3 
(PZN) based Pb(Zn1/3Nb2/3)1-xTixO3 (PZN-xPT), have attracted considerable attention by the colossal 
piezoelectricity. Among these materials, relaxor perovskite PMN-xPT single crystals are very promising 
compound as the candidate of ferroelectric material for electromechanical transducers due to their excellent 
piezoelectric coefficients, ultrahigh strain levels with low hysteresis, high dielectric constant, high electro-
optic coefficients, and high electromechanical coupling factor. 
 
1.7  Relaxor Ferroelectrics 
 Relaxor ferroelectrics (RFEs) can be separated into two groups: (i) such that develop long-rang 
ferroelectric order at Curie-temperature, TC, and (ii) canonical relaxors which do not show a macroscopic 
phase transition, therefore, remains isotropic, i. e., the polar nanoregions (PNRs) or domain freeze at Vogel-
Fulcher temperature, TVF.  In RFEs, there are locally ordered nanoscale regions called chemically ordered 
regions (CORs) where 1:1 type B-site ordering is observed. CORs are known to be static, stable and 
independent of temperature. Another important characteristics of relaxors is the presence of PNRs in which a 
A2+
B4+
O2-
BO6
octaherdra
Fig.1.10. A cubic ABO3-type perovskite unit cell. 
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local spontaneous polarization exists and its direction is flipping randomly by thermal fluctuations. Depending 
on the growth of PNRs upon cooling, several characteristic temperatures can be identified and discussed. Upon 
cooling from very high temperature, RFEs show the deviation of the refractive index from the high temperature 
linear temperature dependence below a certain temperature so called Burns temperature TB [41], which is 
usually a few hundred degrees above the dielectric maximum temperature (Tm) or a Curie temperature (TC). 
At this temperature, a normal dielectric state changes into an ergodic relaxor state. Recently strong acoustic 
emission signals were observed in Pb-based relaxors at an intermediate temperature, T* located between TB 
and Tm. It was proposed that the onset of rapid growth in the size of PNRs and the local phase transformation 
in them may generate acoustic bursts at T* [42]. The temperature evolution of PNRs can be described by the 
following figures: 
 
 
 
 
 
 
 
 
 
 Pb(B′1/3B′′2/3)O3 such as PbZn1/3Nb2/3O3 (PZN) and PbMg1/3Nb2/3O3 (PMN) has a perovskite structure 
with (on average) a cubic Pm3̅m symmetry, with 𝐵′2+ and 𝐵′′5+ ions interchanging on B sites. The dielectric 
constant experiment shows that the crystal does not undergo a sharp transition to a ferroelectric phase. Instead, 
the dielectric constant demonstrates a broad maximum. Below TB, the dielectric constant deviates from the 
well-known Curie-Weiss law and exhibits a strong frequency dispersion. The structure of Pb(B′1/3B′′2/3)O3 is 
not homogeneous. If 𝐵′ and 𝐵′′ occupation ratio was uniformly and ideally equal (1:2) throughout the crystal, 
it would have a rhombohedral symmetry (R3m). But, a network of superstructure clusters with face-centered 
cubic symmetry (Fm3̅m) destroys the picture. The size of these clusters is about the order of 2~3 nm in PMN 
[43]. The most widely accepted hypothesis, so-called ‘‘space charge model,’’8 associates the Fm3̅m clusters 
with antiferroelectrically ordered regions [44] where the Mg:Nb occupation ratio is equal to 1:1, i.e., with 
local composition PMN [45]. 
 
  Table 1.1. Symmetry and size of average structure and local structures 
Origin Symmetry Size 
Average structure Pm3̅m -- 
PNRs R3m 7-20 nm (below TB) 
CORs Fm3̅m Below 5 nm 
Appearance of 
dynamic PNRs
Start of dynamic to static  
transition of PNRsMaximum of dielectric          
constant
Freezing of PNRs
TBT
*TmTVF
Temperature (Low to high)
Vogel-Fulcher
temp.
Max. of dielectric temp. Intermediate temp. Burns temp.
Fig. 11. Temperature evolution of PNRs and characteristics temperature. 
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These type of 1:1 clusters carry an excessive negative charge, which is compensated by the positively charged 
host matrix. The network of such charges acts as a source of random fields. From the diffuse neutron scattering 
in PMN [46], the polarzation inside a PNR has been reported to align along the eight equivalent [111]c. 
 
1.8  Generalized LST Relation 
 In a crystal, the static and high frequency dielectric constants are related to the long wavelength limit 
of the frequencies of the lattice vibrations. For diagonally cubic crystals with two atoms in the unit cell, 
Lyddane et al. [47] showed that 
    
εs
εe
= (
ωL
ωT
)
2
       (1.22) 
where εs is the static clamped dielectric constant and εe is the high frequency dielectric constant. ωT and ωL 
are the long wavelength limits for the transverse and longitudinal vibrations, respectively. The above Eq. was 
derived from the macroscopic theory of optical vibrations [48]. To apply the diagonally cubic crystals with 
any number of atoms in the unit cell, Cochran [49] extended the Eq. (1.22). A modified form of Eq. (1.22) had 
been obtained by Merten [50] for uniaxial crystals which have two atoms in the unit cell. However, a more 
general result was given by Cochran et al. in 1961 [51] which can apply to any crystals for which the adiabatic 
and harmonic approximations are valid. A different approach of the generalized Lyddane-Sachs-Teller (LST) 
relation was given by Chaves et al. [52] as follows 
     ε(Ω)=ε∞
iγd
L + Ω
iγ
d
T + Ω
∏
(ωυ
L)
2
 + (
γd
L
2
)
2
- iΩγd
L - Ω2
(ωυ
T)
2
+ (
γd
T
2
)
2
- iΩγ
d
T - Ω2
n
υ=1     (1.23) 
  
1.9 Soft Mode 
 The theory of the lattice dynamics of ionic crystals has been developed by Kellermann et al. [53], and 
it has been extended by Woods et al. [54] to take into account the polarizability of the ions and the fact that 
the short-range overlap force between ions depends on their state of polarizations and conversely. Soft mode 
can be readily understood from the well-known soft mode theory by Cochran [55]. He predicted that in the 
case of vanishing of the soft mode frequency at phase transition temperature (Tc) results from the cancelation 
of the short range forces by the Coulomb forces. The expression for the soft mode frequency is 
μωT
2  = R-
4π(εe+2)(Ze)
2
9v
       (1.24) 
where 𝜔𝑇 is the transverse optic soft mode frequency,  𝜇 is the reduced mass, R is the sum of the appropriate 
short-range force constants, Ze is the effective ionic charges, and 𝜀𝑒 is the high-frequency dielectric constant. 
The parameter R is related to the compressibility β by R = 
6r
β
, where r is the nearest-neighbor distance.  
Thus it is seen that the soft mode frequency is given by the difference between a short-range interaction and a 
long-range interaction. In the case of harmonic approximation there is an overcancelation of the short-range 
interaction by the long-range term leading to an imaginary soft mode frequency. Therefore, it is the 
anharmonic interactions which then stabilize the soft mode frequency and make it real. The relation between 
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the longitudinal optic ωL and transverse optic frequencies ωT and the static and high frequency dielectric 
constants εs and εe was first derived by Lyddane et al. [47] as written in Eq. (1.22). 
From Equs. (1.22) and (1.24), we see that εs= ∞ if 
 R = 
4π(εe+2)(Ze)
2
9v
 
For a real alkali halide crystal these two quantities are of the same order of magnitude, but R is about twice as 
great as the other. If they were equal, the crystal would be just unstable for the transverse optic mode of 
wavenumber zero. Therefore, in any case such an instability or near-instability, arising first for the transverse 
optic mode of wavenumber zero; is more likely to occur when there are also short-range force constants 
between other than nearest-neighbor atoms. If for example there is a short-range interaction between 
neighboring positive ions, all frequencies are increased, except when q = 0. It can be understood physically as 
follows: in an optic mode of wave-number zero the two Bravais arrays carrying type I (positive) and type II 
(negative) ions remains undistorted, and vibrate against one another. Any force constants between atoms of 
the same type are therefore ineffective and Eq. (1.24) remains valid. All other modes of vibration involve a 
distortion on one or both Bravais arrays, and their frequencies will be raised by suitable force constants 
between like atoms. It is therefore possible in principle for all normal modes to exhibit quite usual values of 
𝜔, except for the transverse optic mode at, and near to q = 0. 
 
1.10 Critical Slowing Down 
 In the limit of a deep double well with negligible tunneling field only two degenerate eigenstates per 
cell, one near the bottom of each well, we approach as Ising situation with model Hamiltonian 
 H = -2 ∑ ∑ vll'Sl
zSl'
z
l' - ∑ Sl
zhl(t)ll         (1.25) 
Where hl(t) is a time dependent perturbing field, vll' is the interactions between spins, and a z-component of 
spin in Pauli matrix is given by 
Sz= (
1
2
0
0
1
2
) 
The Hamiltonian does not include any terms which produce the transition between two orientations Sz = ±1/2, 
and all the dynamic effects are due to the interactions with surrounding thermal bath which produce thermal 
hopping and ensure equilibrium in the steady state. These interactions function only give rise to the 
spontaneous spin flips by exchanging energy. The interactions vll' between spins then affect the probability of 
the transition. 
The flip probability of the l th spin in the instantaneous (time-dependent) molecular field  
     hl
eff(t)=4 ∑ vll'l' <Sl'
z >+hl(t)     (1.26) 
will be denoted by  Wl(Sl
z). In the mean-field approximation, the transition probability can be written in the 
form  
      Wl(Sl
z)=(2τ0)
-1 {1-2Sl
z tan (
hl
eff
2kT
)}    (1.27) 
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where τ0 is the single spin relaxation time. Let us assume the response to a perturbing field hl(t) in the following 
form 
     hl(t)= δhlexp(-iωt)      (1.28) 
Then one can find 
<Sz>0=
1
2
tanh {
2v(0)<Sz>0
kT
} 
      δ<Sl
z>(1-iωτ0)=
1
2
(1-4<Sz>0
2
{
δhl+ ∑ 4vll'
δ<S
l
'
z
>
l
'
2kT
}  (1.29) 
where <Sz>0 is the static order parameter. After transforming the Fourier transformation with respect to the 
lattice, a frequency response  χ(q,ω)=δ<Sz(q)>/δh(q) is obtained which can be written as 
      χ(q,ω)=
χ(q,0)
1-iωτ(q)
      (1.30) 
where  
      τ(q)=
τ0kT
kT-v(q)(1-4<Sz>0)
     (1.31)  
It is clear from the Eq. (1.30) that the response function of the Ising fluctuations in double well potential are 
of a simple Debye form. The resultant dielectric constant is then related to the dynamic susceptibility by the 
following equation 
     ε(q,ω)-1=4μ2Nχ(q,ω)      (1.32) 
where μ is the magnitude of Ising electric dipole moment and N is the number of dipoles per unit volume. 
Therefore, the dielectric constant and resulting spectrum of Ising fluctuations are of a simple Debye form. The 
relaxation time τ(q), in compared with the single-spin relaxation time 𝜏0 (which is expected to be but weakly 
dependent on temperature), exhibits a critical slowing down on approaching the transition temperature. If 
wavevector q has its critical value q0 (q0 = 0 for ferroelectrics), then it leads to the mean-field relationships 
     τ(q
0
)=
τ0T
T-TC
,                              T→TC
+    (1.33) 
     τ(q
0
)=
τ0T
T-TC(1-4<S
z>0
2
)
                  T→TC
-      (1.34) 
where T→TC
±
 indicates an approach to the critical temperature TC from the disordered or ordered phase. 
 
1.11 Goals of the Present Study 
 The perovskite oxide family with the general formula ABO3 is one of the most important classes of 
multifunctional materials due to their superior physical properties and wide use in various technological 
applications. There has been a great deal of interest in a new class of relaxor-based ferroelectric perovskite 
Pb[(Mg1/3Nb2/3)1-xTix]O3 (PMN-xPT) with morphotropic phase boundary (MPB) composition x = 0.33 - 0.37% 
due to their superior piezoelectric properties [56] compared to the conventional PbZrxTi(1-x)O3 ceramics that 
have dominated piezoelectric applications for last several decades. Since their discovery early in 1959’s [57], 
there has been extensive theoretical and experimental studies [56,58,59] which greatly advanced our 
understanding of relaxors. This complex compound is formed by combining relaxor ferroelectric (RFE) PMN 
and classical ferroelectric (FE) PT. The compositional disorder i.e., the disorder in the arrangement of different 
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ions on a crystallographically equivalent site, is a common structural feature of RFEs and it is believed to be 
at the heart of thermal evolution of nanometric local entities known as polar nanoregions (PNRs). Now it is 
well known that the relaxor ferroelectrics show three characteristic temperatures: Burns temperature TB, when 
the PNRs appear; intermediate temperature T*, when the dynamic to static transition of PNRs starts; and Tm, 
when dielectric constant becomes maximum. Although a lot of studies have been performed on PMN-xPT 
systems, till now it remains to be confirmed whether the maximum limit of PT content up to which the PNRs 
persist. Recent neutron diffraction study on PMN-60PT showed very small diffuse scattering, suggesting the 
absence of PNRs [60]. However, some phenomena typically related to the relaxation of dynamic PNRs were 
observed in PMN-55%PT [61-63]. In this situation, another approach may be to investigate the effect of PT-
concentration on the dynamics of PNRs and corresponding relaxor properties in more detail. In the present 
study, the PMN-17PT with strong random fields (RFs) and PMN-56PT single crystals with weak RFs have 
been investigated to clarify the dynamics of PNRs by Raman and Brillouin scattering.  
 Although the lead based ferroelectrics show very unique physical properties, however, the lead may 
affect the natural environment due to its toxicity. Therefore, the development of lead-free ferroelectrics is 
required from the viewpoint of environmental problem. In recent years, new interest has arisen in barium 
zirconate (BaZrO3, BZO) with the cubic perovskite structure. Due to its relatively large lattice constant, high 
melting point, low thermal expansion coefficient, low dielectric loss and low thermal conductivity, BZO has 
become very attractive and popular not only for fundamental research, but also for device applications. 
Recently, several theoretical and experimental investigations have been performed to explore the structural 
instability of cubic BZO [64-67]. Current terahertz time-domain spectroscopy (THz-TDS) measurements on 
a quantum paraelectric KTaO3 (KTO) revealed that the dielectric constant of KTO is highly correlated with 
the lowest infrared (IR)-active soft phonon mode at 2.09 THz [68]. Therefore, the study of the temperature 
dependence to explore whether the low-frequency IR-active modes appear in BZO is important and necessary. 
Therefore, in the present study, we report the dielectric response of a BZO crystals in the frequency range 
from 0.2 THz to 2.7 THz using THz-TDS.  
 In the last several decades, barium titanate (BaTiO3, abbreviated as BT) which has very weak RFs is 
one of the most extensively studied ferroelectric material due to its simple perovskite structure. Recently, 
considerable attention has been devoted to enhance the piezoelectric properties of ferroelectric materials owing 
to its possible applications in new generation devices [59]. In BT, the relaxor like behavior has been found by 
many experimental studies [70-74]. However, in spite of extensive studies, there has been no discussion on 
the effect of electric field on the PNRs which is very important for fundamental applications. Moreover, the 
electric field induced phase transitions in BT are also interesting. Therefore, in the present study, the Brillouin 
scattering technique has been applied to examine the effect of electric field on the quasi-elastic scattering and 
acoustic properties of BT single crystals. The domain switching mechanism and field induced phase transition 
are also studied.  
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Chapter 2 
Inelastic Light Scattering and Terahertz Time-Domain Spectroscopy 
 
2.1 Scattering of Light 
In solids, light is scattered by fluctuations in the dielectric tensor in a material. Thermal fluctuations of 
certain physical quantities are coupled to the fluctuations in the dielectric tensor and those of the order 
parameter increase near the phase transitions. This increase of order parameter is one of the most important 
features of those systems which are very close to an instability point of their configuration. Thermal 
fluctuations are probed directly in the neutron, X-ray, and light scattering experiments. Therefore, 
investigation of the anomalies in light scattering near the phase transitions plays an important role in studying 
phase transitions as a whole. Light scattering studies gives the important information on fluctuations not only 
in scattering but also in singularities of diverse thermodynamic functions. By using the neutron scattering it is 
very difficult to identify the first-order scattering due to long-wavelength fluctuations. In addition, the 
existence of a symmetry rule forbidding the first-order light scattering by order-parameter fluctuations in a 
more symmetrical phase for most substances, whereas such a rule is absent in the case of neutron scattering. 
In other words, light scattering has enough specific features [1-5] in order that it should be treated separately.  
In a light scattering experiment, an incident light with a single angular frequency ω0 coming from an 
intense monochromatic light source, usually a laser, interacts with the collective excitations present in a 
medium. The scattered intensity is usually distributed across a range of frequencies as shown in Fig. 2.1. 
 
 
 
 
 
 
 
 
    
 The peak in the center position of the spectrum is the contribution of incident photons which have been 
elastically or quasi-elastically scattered without any change in frequency. These are called Rayleigh/elastic 
scattering. The remaining peaks in the spectrum correspond to the inelastic scattering and their shifts from ω0 
normally occur in two separate ranges of frequency. One of them is called the Brillouin component and other 
is the Raman component (Fig. 2.1). The inelastic scattering of light by long wave length acoustic phonons 
Raman Brillouin RamanBrillouin
Stokesanti-Stokes
Elastic
Fig. 2.1. Schematic spectrum of scattered light. 
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gives rise to the Brillouin spectra and it occurs very close to the ω0. The typical shifts of the Brillouin 
component are approximately at the range 3~30 GHz (0.1~1 cm-1). On the other hand, the scattering of 
phonon by internal vibrations of molecules or optic vibrations in crystals gives rise to the Raman spectra, lies 
at higher shifts, normally is in the range of 10~4000 cm-1. The inelastic light scattering spectrum is subdivided 
into two events namely Stokes (energy-loss) and anti-Stokes (energy-gain) related to the creation and 
annihilation of the excitation quanta. 
 The classical theory of light scattering was developed by Einstein [6] and Smoluchowski considers the 
sample as divided into small volume elements large enough to contain many molecules. An incident light 
wave induces a dipole moment in each volume element which becomes the source of scattered radiation [7]. 
However, in relaxor ferroelectrics, there is always small random fluctuations in the local dielectric constants 
owing to the thermal motion of the atoms and molecules in the materials. These fluctuations are uncorrelated 
from one volume element to the other and therefore, these regions are optically different. It means that now 
light will be scattered in other directions than forward due to only partial interference. 
 The local dielectric constant, ε(r,t), at a position r and time t, can be described generally by the dielectric 
constant fluctuation tensor δε(r,t). It describes the relation between the local and average dielectric constant 
𝜀0 by the following way: 
  ε(r, t) = ε0I + δε(r, t),          (2.1)    
where I is the initial dielectric constant second-rank tensor [8]. 
When the incoming light is a plane wave with the field amplitude E0, angular frequency 𝜔𝑖, and the incident 
propagation vector k𝑖, then the incident electric field can be written as 
  Ei(r, t) = niE0 expi(ki.r-ωit)         (2.2) 
here ni is the unit vector in the direction of the incident field. 
The scattered electric field Es(r,t) at a distance R from the scattering volume can be obtained from the fact 
that the Maxwell equations must hold for the total electric field, the incident electric field and for also the 
scattered electric field. The total electric field is just the sum of the incident and scattered fields: 
  E = Ei + Es             (2.3) 
It follows for the component of Es(r,t) as 
  Es(r,t) =
E0
4πRε0
expiksR∫ d
3r
𝑉
×expi(q.r-ωit[ns.[ks×(δε(r,t).ni)]]    (2.4) 
where ks is the propagation vector, ns is the polarization, and V indicates that the integral is taken over the 
entire scattering volume. 
The scattering wave vector q is defined as the difference between incident and scattered propagation vector, 
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  q = ki - ks              (2.5) 
The angle between ki and ks is called the scattering angle θ as shown in Fig. 2.2. 
 
 
 
 
 
 
 
 
 
 
From Fig. 2. 2 it is clear that the magnitude of the scattering wave vector q can be calculated as 
  q2= |q|2= ki
2+ks
2-2ki.ks          (2.6)  
In the case of quasi-elastic scattering, the cosine rule becomes applicable and Eq. (2.6) becomes 
  q2=ki
2+ks
2-2ki.ks=2ki
2(1-cosθ)=4ki
2 sin2
θ
2
        (2.7) 
with ks= ki = 2πn/λ, where the length of the incident wave vector is written as function of the refractive index 
n and the incident wavelength λ; 
  q = 2kisin
θ
2
=
4πn
λ
sin
θ
2
           (2.8) 
The above equation is the Bragg condition. 
Using the spatial Fourier transform of the dielectric function 
   δε(q, t)= ∫ d
3rexpiq.r δε(r, t)
V
        (2.9) 
Eq. 2.4 can be written as 
  Es(R, t) =
E0
4πRε0
expi(ksR −  ωit)[ns.[ks×(ks × (δε(r, t).ni)]]     (2.10) 
This can be simplified as [8]; 
ni
, ki
, ki
ns
q
Detector
Analyzer
θ
 
Polarizer
Fig. 2. 2. Light of polarization ni and wave vector ki is scattered in all directions. Only scattered 
light of wave vector ks and polarization ns arrives at the detector. 
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  Es(R, t) =
−𝑘𝑠
2E0
4πRε0
expi(ksR −  ωit)δεis(q, t)       (2.11) 
where 
  δεis(q, t) = 𝒏𝑠. δε(q, t). 𝑛𝑖         (2.12) 
is the component of the dielectric constant fluctuation tensor along the initial and final polarization directions. 
Now the time correlated function of Es can be written as 
   〈Es
*(R, 0)Es(R, t)〉 =
ks
4|E0|
2
16π2R2ε0
2
〈δεis(q,t)〉exp(-iωit)     (2.13) 
Then the spectral density 
   IE(ω)=
1
2π
∫ dτ
+∞
-∞
〈E*(t)E(t + τ)〉 exp(-iωit)      (2.14) 
of the light reaching the detector with ns, ks, and ω𝑠 can be computed as 
  Iis(q,ωs, R)= (
I0ks
4
16π2R2ε0
2)
1
2π
∫ dt
+∞
-∞
〈δεis(q,0)δεis(q,t)〉exp(iωt)     (2.15) 
with 𝐼0 = |𝐸0|
2 and  
  ω = ωi - ωs           (2.16)   
The above equation means that the spectral density (the intensity measured by the detector) depends only on 
the difference between the incident and the scattered frequency. In addition, from Eq. (2.15) one can obtain 
𝐼𝑖𝑠 ∝ 𝑘𝑠
4 and 𝐼𝑖𝑠 ∝ 𝑅
−2. The 𝜆−4 dependence means that the electromagnetic radiation with apparent in the 
blue color of the sky. The 𝑅−2 dependence is expected because it just expresses the attenuation of spherical 
wave. 
The coefficient of Eq. 2. 15 becomes constant for a given experiment, and thus the scattering intensity only 
affected by the spectral density of the dielectric constant fluctuations; 
  Iis(q,ω)∝ ∫ dt
+∞
-∞
〈δεis
* (q,0)δεis(q,t)〉       (2.17) 
The integral of Eq. (2.17) over frequency provides the information about the q dependent mean-square 
fluctuations ε; 
  Iis(q)=〈|δεis(q)|
2〉          (2.18) 
A light scattering event is produced by the creation or annihilation of a phonon as shown in Fig. 2.3. 
Energy and momentum conservation between the phonons and photons yields for Stokes event; 
    ℏωs= ℏω0- ℏωq         (2.19) 
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    ks = k0 - q          (2.20) 
 
 
 
 
 
 
 
For anti-Stokes event 
    ℏωs= ℏω0+ ℏωq         (2.21) 
    ks = k0 + q          (2.22) 
The spectral power density of the scattered light is obtained from Eq. (2.15) by 
  Iis(q,ωs)∝ |δεis(q,ω)|
2∝[n(ω)+1]Imχ
is
(q,ω)       (2.23) 
here the second identity is the fluctuation dissipation theorem, χ
is
 is the dielectric susceptibility,  
n(𝜔) is the Bose-Einstein population factor at a given frequency 𝜔 and is given by 
    n(ω)=
1
exp(
ℏω
kT
)-1
          (2.24) 
It is noted that the spectral intensity is proportional to the imaginary part of the dielectric susceptibility. 
Therefore, this very useful when we analyze a spectrum. 
2.2 Raman Scattering 
  Raman scattering is an inelastic scattering process. From the macroscopic point of view an incoming 
photon is scattered at the lattice inside a material. This process induces a phonon in the solid and reduces the 
energy of the photon by the energy lost in the scattering event. However, this description implies a direct 
interaction of the photon and the phonon. Raman scattering is a fundamental form of molecular spectroscopy 
which is now finding a very wide-ranging application in pure and applied sciences. It is used to characterize 
the materials and to find the crystallographic orientation and phase of a sample. The measurement of the 
Raman spectra of a crystal is one of the main methods for getting the information about its lattice vibrational 
frequencies. 
 
 
, ki , ki
Phonon creation
(Stokes event)
Phonon annihilation
(anti-Stokes event)
Fig. 2.3. Typical diagram for the first order photon-phonon scattering. 
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2.2.1 Origin of Raman Scattering 
Electromagnetic radiation can induce the microscopic polarizations of a material. A system’s which 
response to an external electromagnetic field is known as the electric susceptibility χ. χ is the second rank 
tensor. An incoming electromagnetic field F(r, t) = F(k, ω) cos(k. r-ωt) leads to a local polarization 
 P(r, t) = P(k, ω) cos (k.r-ωt)         (2.25) 
of the material due to the relation 
  P(k, ω) cos(k.r-ωt) = χ(k,ω,Q)F(k,ω) cos(k.r-ωt)  
 P(k,ω) = χ(k,ω,Q)F(k,ω)          (2.26) 
where P is the polarization. k and 𝜔 are the wave vector and frequency of the incoming electromagnetic field. 
Q is the lattice displacement and can be expressed as a function of the phonon wave vector q  
 Q(r, t) = Q(q,ω0)cos(q.r-ω0t)         (2.27) 
It is immediately clear on a qualitative basis that the system response to electromagnetic radiation depends on 
the atomic positions. Therefore, χ can be expanded as a Taylor series in Q 
 χ(k,ω,Q) = χ
0
(k,ω)+ (
∂χ
∂Q
)
0
Q(r,t)+ … … …        (2.28) 
The electric susceptibility splits into a static and a dynamic Q-dependent part. Applying this consideration to 
the material’s polarization leads to a static polarization term P0, oscillating with the incoming field and a term 
Pind which is induced by the lattice displacement (phonon). Combining Eq. (2.26) and (2.28) yields 
   P(r, t, Q)=P0(r,t) + Pind(r, t, Q) 
=χ
0
(k, ω)F(k, ω) cos (k.r-ωt) + (
∂χ
∂Q
)
0
Q(r,t)F(k,ω) cos (k.r-ωt)    (2.29) 
Inserting Eq. (2.26) leads to  
Pind(r, t, Q)= (
∂χ
∂Q
)
0
Q(Q, ω) cos(q.r-ω0t)F(k, ω)cos(k.r-ωt)     (2.30) 
Using an addition theorem the above equation can be expanded to  
Pind(r, t, Q)=
1
2
(
∂χ
∂Q
)
0
Q(Q, ω)F(k, ω){ cos[(k + q).r - (ω + ω0)t] + cos[(k-q).r-(ω - ω0)t]}  (2.31) 
 The Eq. (2.31) contains two waves which have both shifted wave vectors and frequencies compared to 
the incoming photon. Depending on the energy of the state of the molecule, Raman scattering can be described 
as three different process. In the Stokes process, the occupation number of a phonon increases, while the 
incoming light transmits parts of its energy to the material. The anti-Stokes process resembles a stimulated 
emission. The occupation number of a phonon state decreases. The phonon energy is transmitted to the 
incoming light. Both the processes are illustrated in Fig. 2.4. 
 Equation (2.31) shows that the Stokes and the anti-Stokes lines have the same energetic distance from 
the incoming laser light. The positions of these Raman lines are located symmetrically around the elastic 
scattered component. Hence a peak in a spectrum can always be verified as having a Raman origin by scanning 
the anti-Stokes side.  
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 In summary, an electromagnetic wave polarizes a material and as soon as the electric susceptibility is 
assumed to change locally with the lattice displacement. Then, 𝜒 can be expanded as a Taylor series in Q and 
the new term (
∂χ
∂Q
)
0
Q(r,t) predicts the inelastic Raman scattering. A slightly modified term is known as the 
Raman tensor. Introducing a unit vector in a direction of the lattice displacement ?̂? = 𝑄/|𝑄|, the Raman tensor 
can be expressed as  
    R = (
∂χ
∂Q
)
0
Q̂(r, t)         (2.32) 
The Raman tensor is a symmetric second rank tensor if we neglect the difference in frequency of the incoming 
and outgoing light. The Raman tensor has the same symmetry as the corresponding phonon. Using these 
Raman selection rules the symmetry of the Raman tensor and hence the symmetry of the underlying phonon 
can be identified by Raman experiments with different scattering geometries. 
 
2.3 Brillouin Scattering 
2.3.1  Theory of Brillouin Scattering 
 The major principle of Brillouin scattering is the scattering of light by acoustic waves and the 
constructive interference of the multiply reflected light beam. Since the accessible values of the wave vector 
q are very small, the components due to the acoustic modes, which are measured by the Brillouin scattering, 
appear at frequencies very much lower than those due to optic modes. The optic modes are measured by 
Raman scattering spectra. As a result, the Brillouin spectrum is restricted to a very small spectral region 
compared with the Raman spectrum. The main difference between Brillouin and Raman scattering comes from 
the dispersion relation of the quasi-particle generated. Since the long wavelength acoustic modes involve in-
phase motion of all the atoms in a unit cell, the atomic displacements are almost constant over the distances 
, ki
Stokes
(excited state)
anti-Stokes
(ground state)
Elastic 
scattering
Fig. 2.4. The transition of energy foe elastic and Raman scattering. 
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on the order of ≈ 100 unit cell. So that one can discuss these modes in terms of an elastic continuum (Debye) 
model. 
In Brillouin scattering, the Stokes and anti-Stokes doublet symmetrically positioned about the unshifted line 
occur as a result of the Bragg-like scattering by propagating sound waves in a solid. The condition of Bragg-
like scattering can be expressed as  
λ = 2Λsin
ϕ
2
 
where λ is the wavelength of the light in the medium, Λ is the wavelength of the propagating sound wave, 
and ϕ is the scattered angle. The Brillouin scattering components are then as result of a Doppler shift Δω which 
give rise to the movement of the atomic grating via sound wave propagation. Therefore, the Δ𝜔 is given by 
Δω = ωs-ω0 = ± 2
cvω0
n
sin
1
2
ϕ 
       = ±2 vn|k0|sin
1
2
ϕ = ±4 
πn
λ0
v sin
1
2
ϕ                       (2.33) 
where ωs and ω0 are the frequency of the scattered and incident light, respectively. k0 is the wave vector of 
the incident light and n is the refractive index of the medium. Brillouin was first derived the Eq. (2.33) in 1922 
and showed that the frequency shifts are linear function of sin
1
2
ϕ, and a maximum shift is obtained for back 
scattering geometry (ϕ = π). 
In the long wavelength limit, the polarization and frequencies of the three acoustic modes for a particular q, 
can be estimated by the elastic constants Ciklm through the following equation of motion; 
 
                                                              ρ?̈? = Ciklm
∂
2
um
∂rk∂rl
  ,                                                     (2.34) 
here u(r, t) is the local displacement vector. Solution of Eq. (2.34) is considerably simplified by imposing the 
restrictions on the elastic constants by crystal symmetry [8]. The plane wave solutions of Eq. (2.34) can be 
found for a given q, and one can obtain three modes, usually of mixed polarization. Only for special directions 
of q, among the three modes, one can find pure one longitudinal mode and two pure transverse modes. 
 The optical coupling between dielectric tensor and strain can be solved completely in terms of the 
Poockel’s elasto-optic or photoelastic constants Pmn [8]. In 6-component notation, the reciprocal dielectric 
tensor Bm is distorted by the strain field Xn following ΔBm= PmnXn. However, in Brillouin scattering, the q→0 
limit of the acoustic modes correspond to rigid translation of the crystal as a whole, and cannot perturb the 
dielectric constant. The Brillouin effect is only observed in the limit of q ≠ 0. Therefore, unlike the Raman 
scattering, the Brillouin scattering tensors will depend on the direction of q as well as E0 and Es. Thus, we 
cannot generate a single set of scattering tensors comparable to Raman scattering tensors, but are compelled 
to calculate the scattering tensors for every direction of q. The Brillouin scattering tensors for all crystal in 
different directions of q were reported in Ref. 9. 
 
 
31 
 
2.3.2  Brillouin Scattering Tensors and Selection Rules 
 If we consider the plane wave solutions of the form ui = ui
0expi(q∙r-ωt), and substituting it into the Eq. 
(2.34) leads to 
                                                                   [Ciklmqkql-ρ𝜔
2δim]um
0                                          (2.34) 
The above equation have non-trivial solutions only if the secular determinant vanishes 
[Ciklmqkql-ρ𝜔
2δim] = 0 
where q
k
 and q
l
 are the components of q.  
For the long wavelength acoustic modes ω = vq where v is the appropriate sound velocity. Thus 
     [Ciklmqkql-ρ𝑣
2δim] = 0       (2.35) 
If the elastic constants, Ciklm of a crystal are known, then the Eq. (2.35) can be solved for any direction of q, 
and will provide three eigenvalues of velocity vi (i = 1 ,2, 3). Each of vi can be put back into Eq. (2.35), and 
displacement eigenvectors associated with each vi can be found. If q is selected in a high symmetry direction, 
then the displacement eigenvectors will be parallel or perpendicular to q, corresponding to two transverse (T) 
and one longitudinal (L) modes. The displacement vectors can be neither parallel nor perpendicular to q for 
general q-directions results in mixed polarization modes. The mixed polarization modes are indicated by the 
QT (quasi-transverse) or the QL (quasi-longitudinal) to show that displacement vector is more nearly parallel 
or perpendicular to q. 
 In the long wavelength limit, the distortion of the local dielectric constant is induced by the local strain 
through the elasto-optic or photoelastic effect. The multiplication of the 6-component stain by the 6 × 6 
Pockel’s tensor gives a 6-component ∆B that can be converted to 3 × 3 form ∆Bαβ. If the xyz-axes are chosen 
to correspond to the principle axes of the dielectric tensor, then the ∆Bij, which are related to change in the 
dielectric tensor εij, can be expressed as:[8] 
                                                         δεij = -ε0iiε0jj∆Bij                                                         (2.36) 
Therefore, one can obtain the distortion in the dielectric tensor produced by an acoustic wave by a tensor 
                                                          ⌊δεij⌋ = quT                                                                 (2.37) 
where the element Tij of the tensor T is εiiεjj times ∆Bij/qu. The Rayleigh ratio (differential cross section per 
unit volume) is derived from the excess dipole moment per unit volume p
i
(r) = δεijEj
0/4π. If we assume that 
the excitation of each acoustic mode is in thermal equilibrium at temperature T, then: 
                                                        <(qu)2> = k𝐵T/2Vρv
2                                                   (2.38) 
Therefore, for the Rayleigh ratio of the jth acoustic mode (j = 1,2,3) with velocity vj, assuming e0 and es be 
unit vectors in the direction of the polarization of the incident and scattered fields [5,10,11], we have 
                                                          Rj=
kTπ2
2λs
4
ρvj
2 [es.T
j.e0]
2
(
ns
n0
) ,                                           (2.39) 
 
where λs is the wavelength of the scattered light.  
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 For scattering geometries in which sound waves propagate in high symmetry directions, however, the 
structure of the T-tensors is sufficiently simple so that selection rules can be deduced without specifying the 
numerical values of the elastic constants. The scattering tensors for a number of high symmetry directions in 
each of the crystal classes have been competed previously in the literature [5,7,12]. 
 
2.4 Terahertz Time-Domain Spectroscopy 
2.4.1 Time Domain Spectroscopy 
 The optical constants in solids can be determined by performing the experiment in the time domain 
using a voltage pulse with a very short rising time. Such a pulse contains all the frequencies of interest. The 
main objective of time domain spectroscopy (TDS) is to determine the complex response function χ̂(ω) by 
analyzing the time dependent response P(t) [13]. In a causal and linear system, the general response P(t) to a 
perturbation E(t) can be expressed by 
   P(t)= ∫ χ(t-t')E(t')dt'
t
-∞
          (2.40) 
where χ(t) is the response function. χ is not local in time suggesting that P(t) depends on the perturbation E(t) 
for all times t' prior to t.  The equations describes a convolution P(t)=(χ*E)(t) leading to the Fourier transform: 
   P(ω) = ∫ P(t) exp{-iωt} dt = ∫ (χ*E)(t) exp{-iωt} dt
∞
-∞
∞
-∞
 
        =χ(ω)E(ω)          (2.41) 
Therefore, we can measure the response as a function of time P(t) for a known time dependence of the 
perturbation E(t). And immediately we obtain the frequency dependent response function χ(ω): 
   χ(ω)=
∫ P(t) exp{-iωt}dt
∞
-∞
∫ E(t) exp{-iωt}dt
∞
-∞
=
1
E(ω)
∫ P(t) exp{-iωt} dt
∞
-∞
     (2.42) 
If the system is excited by a Dirac delta function E(t)= δ(t), the response directly yields χ(t). Then the 
convolution simplifies to P(t)=(χ*δ)(t)=χ(t), and the frequency dependence is the Fourier transform of the 
pulse response given by  
   χ(ω) = ∫ P(t) exp{-iωt} dt
∞
-∞
        (2.43) 
The other commonly used perturbation is a step function 
    E(t)= {
0       t<0
E0      t>0
 
To avoid the mathematical complications, it is better to replace the Fourier transform by the Laplace transform. 
From Eq. (2.40) we see that 
    P(t)= ∫ χ(t')E0dt'
t
0
         (2.44) 
    χ(t)=
1
E0
d
dt
P(t)         (2.45) 
and the deferential theorem: 
   χ(ω)=
iω
E0
∫ P(t) exp{-iωt} dt
∞
-∞
        (2.46) 
The similar result can be obtained from Eq. (2.41) by using 
     E(ω)=2πδ(ω)E0-
i
ω
E0 
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and by neglecting the dc response. 
Owing to the finite rise time of the electronic instrumentation, the step function is better written as 
    E(t)= {
0                                     t<0
E0(1- exp{-ηt} )               t>0
  
which leads to 
    E(ω)=2πη(ω)E0-E0 [
η
η2+ω2
+i
η2
ω(η2+ω2)
] 
i.e. Lorentzian broadening of the dc response with a halfwidth of 𝜂, and narrowed high frequency response: 
χ(ω)=
1
E0
η2+ω2
η
∫ P(t) exp{-iωt} dt
∞
-∞
 
Since the time domain function χ(t) should be real, therefore, it is reasonable to split the Fourier transform 
into its real and imaginary parts by using the sine and cosine transforms as 
    χ̂(ω)= Re{χ̂(ω)}+i Im{χ̂(ω)}  
    = ∫ χ(t) cos{-ωt} dt+i ∫ χ(t) sin{-ωt} dt
∞
0
∞
0
     (2.47) 
TDS is mainly used in the frequency range where the other measurement such as frequency domain 
spectroscopy has significant disadvantages. At very low frequencies, it is not possible to measure a full cycle 
of a sinusoidal current which is necessary for the frequency domain experiment. Therefore, the time domain 
techniques are conducted typically to cover the range from 10-6 Hz to 106 Hz. 
 
2.4.2  Terahertz Time-Domain Spectroscopy  
 In order to expand the TDS to higher frequencies in the upper gigahertz and lower terahertz range, two 
major changes have to be made. Due to the high frequencies, guided transmission by waveguides or wires is 
not feasible and therefore, a quasi-optical setup is utilized. In addition, the short switching time required is 
beyond the capability of an electronic device, therefore, short optical pulses of a few femtoseconds furnished 
by lasers are used. Here the sudden discharge between two electrodes forms a transient electric dipole and 
generates a short electromagnetic wave which contains a broad range of frequencies; its center frequency 
corresponds to the inverse of the transient time. Two electromagnetic pulse shapes are measured by terahertz 
spectroscopy. First one is the input (or reference) pulse and the propagated pulse which has changed shape 
due to its passage through the sample under investigation. Following to the discussion of section 2. 4. 1, the 
complex refractive index N̂(ω) is used instead of response function χ̂(ω), which describes the wave 
propagation, of the conductivity σ̂(ω). And it relates the current density to the electric field applied. Eq. (2.40) 
then reads: 
      J(t)= ∫ σ̂(t-t')E(t')dt' 
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2. 5    Instrumentation of Inelastic Light Scattering 
2. 5. 1 Raman Scattering 
The spectral dispersion in Raman scattering experiment is performed by a double or triple grating 
monochromator to increase the contrast so that the Raman modes in the vicinity of the laser excitation 
frequency can be observed. A laser with the very high collimation and narrow bandwidth is normally used as 
a Raman excitation source, which provides much higher spectral source purity, polarization, intensity, and 
directionality. A photon counting techniques with the aid of a photomultiplier (P.M) tube is usually used for 
the detection of the dispersed component, and can achieve sensitivities on the order of one photon per second 
in the ultraviolet and visible spectral regions.  
In general, a modern Raman spectroscopy is equipped with multiple monochromators. They can be 
operated either in a subtractive or in an additive mode.  The first two monochromators in subtractive mode 
have oppositely directed spatial dispersions. It means that after passing the first two monchromators the light 
that satisfies the bandpass condition is refocused on the exit slit that serves as the entrance slit of the third 
monochromator. Only the latter provides the spatial dispersion. In additive mode configuration, the output slit 
is wide, the linear dispersion and the resolution are higher than that of the subtractive mode configuration. The 
detector can only record a very few part of the spectrum in this configuration. Furthermore, the output slit is 
narrow, the linear dispersion and the resolution are low in the subtractive mode configuration but the detector 
can record a much large part of the spectrum. In the case of double monochromators, the additive modes needs 
two grating, three slits, and four concave mirrors. The incoming light is two times additively dispersed by the 
gratings G1 and G2. Scanning occurs by synchronous rotation of both gratings. The suppression and resolution 
of stray light is greatly improved compared to that of a single monochromator. 
 
 
 
 
 
 
 
 
 
 
 
 
 
A third monochromator can be arranged behind the exit slit for further improvement of spectral 
resolution and the system called as a triple monochromator system. Figure. 2.5 represents the schematic 
diagram of a triple grating monochromator in an additive mode for a Cherny-Turner arrangement equipped 
Fig. 2. 5. A schematic set up of a triple monochromator in Cherny-Tuners arrangement equipped 
with microscope and P.M. tube. 
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with the microscope and P.M. tube used in the present study. The third monochromator must be turned to be 
synchronous with the other two gratings. The triple monochromator system is often used for spectroscopic 
analyses in the immediate vicinity of a very strong line such as a laser line. It is very advantageous to study 
the low frequency relaxation process and soft mode dynamics in ferroelectric materials. In this case the third 
monochromator operates with a wide slit and a sharp cut off towards the laser line. 
 
2. 5. 1. 1 Temperature Dependence of Raman Scattering 
 To measure the temperature dependence of Raman spectra, a diode pumped solid state (DPSS) laser with 
a wavelength of 532 nm and a power of about 100 mW was used as an excitation source. The Raman scattering 
spectra were measured using a triple-grating monochromator (T64000, JobinYvon) with additive dispersion 
combined with a photomultiplier tube (R464S, Hamamatsu). The temperature of the sample was controlled 
by using a heating/cooling stage for a microscope (THMS600, Linkam) with a stability of ±0.1oC.The light 
beam is introduced into the optical microscope with the aid of small mirror to focus the sample. The scattered 
light is then collected by objective lens using backward geometry [14].  
 
 
 
 
 
 
 
 
 
For single crystals, the study of the polarization dependence of Raman spectra is very important to 
clarify the symmetry of the Raman modes. Therefore, a polarizer is usually inserted to choose the polarizations 
of the scattered light. As a convention rule, the scattering geometries are described by the Porto’s notation like 
A(B,C)D; where A and D represent the direction of the propagation of incident and scattered light ki, ks; B 
and C are the directions of polarization of incident and scattered light, respectively. In general, all the Raman 
active modes will appear in a single scattering geometry in the case of ceramic samples. In the present study, 
Raman spectra were carried out using x(zz)x̅ (VV) and x(yz)x̅ (VH) scattering geometry. The schematic 
diagram of VV and VH scattering configurations at back scattering geometry is shown in Fig. 2. 6, where x 
and x̅ denote the directions of the propagation of the incident (ki) and scattered (ks) light, respectively. In the 
case of VV scattering the directions of the polarization of incident and scattered light are parallel to each other 
represented by, for example, zz. However, in the case of VH scattering the directions of the polarization of 
incident and scattered light are perpendicular to each other, for example, along y and z axes, respectively 
represented by yz. 
 
ki kS
x(zz)x
Ei Es
x(zy)x
Ei Es
VV VH
x
z
y
Fig. 2. 6. Schematic illustration of VV and VH scattering geometry. 
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2.5.1.2   Angular Dependence of Raman Scattering 
 To measure the angular dependence of Raman scattering, the sample was put inside the temperature 
controlled stage (Linkam) on the xyz mapping stage (Tokyo Instruments) installed in the microscope 
(Olympus). Linearly polarized incident light from a diode-pumped solid-state laser (Coherent) with a single-
frequency operation at 532 nm and a power of 150 mW traveled to the sample through a polarization rotation 
device (Sigma Koki) equipped with a broadband half-waveplate (Kogakugiken). Corresponding to the rotation 
of the half-waveplate by θ/2 with respect to the optical axis, the polarization plane of incidence is rotated by 
θ degree. Moreover, the polarization direction of scattering light, propagating in opposite direction of incident 
light, is rotated by - θ degree. The intense elastic scattering is eliminated by two volume Bragg gratings so 
called "ultra narrow-band notch filters" (Opti Grate). The inelastic scattering light was dispersed by a single-
monochromator (Lucir) and the dispersed component was detected by using a charge coupled device (CCD, 
Andor). In the present study, the polarizer was set to be parallel (VV) and cross nicol (VH) geometries, 
respectively. A schematic illustration for the angular dependence of Raman scattering is shown in Fig. 2.7. 
 
 
 
 
 
 
 
 
 
 
2.5.2     Brillouin Scattering 
2.5.2.1  Fabry-Perot Interferometer 
   In 1899, C. Fabry and A. Perot designed the Fabry-perot interferometer (FPI) with a significant 
improvement over the Michelson interferometer. The high resolution required to obtain the Brillouin spectrum, 
coupled the intrinsic signal from the materials with the usually extreme elastic scattering due to sample surface 
imperfections and scattering. In order to measure the Brillouin frequency shifts, there are typical cases where 
grating spectrometers can resolve the Brillouin frequency shifts with the part of huge elastic scattering tail.  
The FPI is used when a high resolution spectroscopy where a resolution of MHz to GHz is required. Since E. 
Gross who first experimentally demonstrated the existence of the velocity of sound by inelastic light scattering 
in 1930, Brillouin scattering using a FPI has been well established method for the investigation of the thermally 
exicted sound waves near GHz range in liquids and solids [15]. The FPI consists of two mirror plates, mounted 
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Fig. 2. 7. A schematic illustration for the angular dependence of Raman scattering. 
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accurately parallel to one another, with an optical spacing L1 between them. For a given spacing L1, the 
interferometer will transmit only certain wavelengths 𝜆 as defined by 
                                                 T = 
τ0
1+(
4F2
π2
) sin2 (
2πL1
λ
)
 ,                                     (2.48) 
where 𝜏0 (< 1) is the maximum possible transmission determined by losses in the system, and F, the finesse, 
is a quality factor depending primarily on the flatness and mirror reflectivity. Equation (2.48) shows that only 
those wavelengths satisfying 
                                                            L1=
1
2
mλ,                                                            (2.49) 
for integral values of m, can be transmitted. After passing focal lens, we obtain the Airy distribution. When 
we choose one line in center of screen, the form of transmitted wavelength is illustrated schematically in Fig. 
2. 8. 
 
  
 
 
 
 
 
 
 
 
 
The finesse F, which is related to the spacing between successive transmitted wavelengths Δλ (known as the 
free spectral range, FSR) and the width δ of a given transmission peak, can be expressed by the following 
relation: 
                                                    F = Δλ/δ,                                                                         (2.50) 
Since the FPI is used as a spectrometer by varying the spacing L1, therefore it can scan the light intensity at 
different wavelengths. However, at a given spacing, the measured intensity is the sum of the intensities at all 
wavelengths satisfying Eq. (2.49).  
Therefore, an unambiguous interpretation of the spectrum is impossible unless it is known a priori that the 
spectrum of the light lies entirely within a wavelength spread <Δλ. It is true that since 
                                                   Δλ = λ2/2L1                                                                        (2.51) 
δ
λ
T
Fig. 2.5. Two successively transmitted wavelengths from a single FPI. 
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It is seen from Eq. (2.51) that one can make Δλ arbitrarily by decreasing L1. However, Δδ increases 
proportional to Δλ and so the resolution decreases. In fact Eq. (2.50) shows that the finesse F is just the ratio 
between FSR, Δλ and the resolution Δδ. In particular, due to the limitations on the quality of mirror substrates 
and coatings, the F cannot be made much greater than about 100. Thus, the relationship between FSR and 
resolution is fixed within limits determined by the achievable values of F. 
 
2.5.2.2 Tandem Febry-Perot Interferometer 
If the distance L1 and L2 between the mirror of two interferometers are placed in cascade to transmit two 
different interference orders m = 2L1/λ and n = 2L1/λ of the incident wavelength λ, then the transmitted 
intensity is composed of the Airy function of both interferometers. The total transmission curve is composed 
of a central elastic peak corresponding to exact coincidence of one of the orders of each FPI, and a small 
ghosts representing weakly transmitted interference orders of the two interferometers. A schematic illustration 
of the transmission curves of the etalon (a) FP2, (b) FP1, and (c) of both interferometers in series (tandem 
operation) as a function of mirror separation of the first etalon L1 is shown in Fig. 2.6. 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
Based on the concept of a scanning stage, it is possible to improve the functionality of FPI by the 
combination of two interferometers on the single scanning stage to obtain both statically and dynamically 
stable synchronisation. The most useful arrangement is a Vernier system as shown in Fig. 2.7, where the 
spacing of the second interferometer L2 is close to L1. The wavelengths transmitted by the combination 
simultaneously satisfy the following condition  
                                                   L1 = 
1
2
mλ  and L2 = 
1
2
nλ                                                    (2.52) 
 
for integral values of m and n.  
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Fig. 2.6. The transmission properties of (a) FP2, (b) FP1, and (c) FPs in series. 
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 The neighboring transmission peaks do not coincide; however, the FSR of FP1 do the transmission 
peaks coincide again after several times. Small “ghosts” of intervening transmission peaks remain since the 
transmission of either interferometer never goes to exactly zero. Therefore, the FSR of the tandem system is 
increased considerable factor over that of the single interferometer maintaining the similar resolution Δδ. In 
order that the first ghost is not too noticeable one should chose L1 and L2  in a way that F > L1/(L1-L2). The 
optimum value of L2/L1is around 0.95. 
To use the tandem interferometer system as a spectrometer, it is very important to scan the two 
interferometers synchronously by changing the spacing L1 and L2 simultaneously. It is apparent from Eqs. 
(2.49) and (2.52) that to scan a given wavelength increment, the changes δL1 and δL2 must satisfy the condition 
as follows: 
                                                    
δL1
δL2
 = 
L1
L2
                                                                           (2.53) 
The magnitude of δL1 and δL2 are typically 1 to a few μm. The principle of the scanning tandem FP is displayed 
in Fig. 2.7, which was designed by the Sandercock. The first interferometer FP1 is organized to lie in the 
direction of the movement of the translation stage, where one mirror sits on the translation stage and the other 
on a separate angular orientation device. The second interferometer FP2 lies with its axis at an angle θ to the 
direction of scan, where one mirror is mounted on the translation stage in close proximity to the mirror of FP1 
and the other mirror for adjustment purposes. The relative spacing of the mirrors is set so that that the 
movement of the translation stage to the left would bring both sets of mirrors into simultaneous contact. On 
the other hand, the movement of the translational stage to the right sets the spacing to L1 and L1cosθ. Thus, a 
scan of δL1 of the translation stage produces a change of spacing δL1 in FP1 and δL1cosθ in FP2. On the other 
hand, the two interferometers scan synchronously and Eq. (2.53) is satisfied.  
 
 
L1
L2 = L1cosθ
θ
Translation stage
Direction of movement
FP1
FP2
Fig. 2.7. A schematic view of the operation of a tandem FPI. 
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2.5.2.3 Optics for a Six-Pass Tandem Febry-Perot Interferometer 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The optical system allows the interferometer to be used in the high contrast triple-pass tandem mode. 
The optical arrangement, which was designed by Sandercock [16,17] using the combination of two 
interferometers FP1 and FP2, of Brillouin scattering experiment is schematically illustrated in Fig. 2.8. In our 
study, an optical microscope is employed for a backward scattering geometry [14]. The diode pumped solid 
state (DPSS) laser with a wavelength of 532 nm is used into the optical microscope with the aid of small mirror 
to focus the sample. The scattered light is recorded by the objective lens and enter into the FPI through the 
adjustable pinhole P1. The aperture A1 then defines the cone of light which is accepted. Mirror M1 reflects 
the light towards the lens L1, and after the collimation, it redirects via mirror M2 to FP1. The redirected light 
is then passed through aperture 1 of the mask A2 and is directed via mirror M3 to FP2. After transmission 
through FP2, the light strikes the 90o prism PR1 and is reflected downwards and returned parallel to itself 
towards FP2 and it continues through the aperture 2 of A2 to FP1. The light is passed through the lens L1 and 
underneath of the mirror M1 after transmission through FP1, and is focused onto the mirror M4. The mirror 
M4 returns back the light through lens L1, and after again collimation the light is directed to FP1 via the mirror 
M2. The combination of lens L1 and mirror M4 lying at its focus is known as a catseye, and is optically 
equivalent to a corner cube but has the advantage that it also acts as a spatial filter that removes undesirable 
beams such as the beams reflected from the rear surfaces of the interferometer mirrors. After the final pass 
through the interferometers, the light is directed to the prism PR2 via the mirror M5. The combination of prism 
PR2, lens L2, and the output pinhole P2 forms a bandpass filter with a width determined by the size of the 
pinhole. The mirror M6 sends the light onto the photomultiplier through the aperture A3, lens L2 and output 
pinhole P2. Finally, the scattered signal is recorded by a multichannel analyzer (MCA). In fact, every optical 
component including the two FPs inside the box of the interferometer has adjustable screws for convenient 
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Fig. 2. 8. Optics for a Sandercock 3+3 pass tandem interferometer equipped with microscope and 
photo multiplier. 
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operation, we have thus followed the six pass light optics without explaining in detail of the optical adjustment. 
Special techniques such as stabilization, isolation vibration, and insurance of linear scan are employed and 
realized by the control unit. 
 
2.5.3 Terahertz Time-Domain Spectroscopy 
 A terahertz time-domain (THz-TD) spectrometer is schematically displayed in Fig. 2.9 (a).  Between 
the THz source and detector a standard optical arrangement of lenses or parabolic mirrors guides the radiation 
and focuses the beam onto the sample. The most convenient design of a THz radiation transmitter is a charged 
transmission line shorted by a laser pulse of a few femtoseconds duration. Figure 2.9 (b) represents a THz 
radiation source. The subpicosecond electric dipoles of micrometer size are created by photoconductive 
shorting of the charged transmission line with the femtosecond pulses from Ti-sapphire laser.  The detection 
segment is designed similarly to the radiation source as shown in Fig. 2.9 (c) via the transmission line. One 
side of the antenna is grounded and a current amplifier is connected across the antenna. During operation, the 
antenna is driven by the incoming THz radiation pulse which causes a time dependent voltage across the 
antenna gap. The induced voltage is measured by shorting the antenna gap with the femtosecond optical pulse 
in the detection beam and monitoring the collected charge (current) versus time delay of the detection laser 
pulses with respect to the excitation pulses. If the photocarrier lifetime is much shorter than the THz pulse, the 
photoconductive switch acts as a sampling gate which samples the THz field. 
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Fig. 2. 9. A schematic illustration of a THz- TD spectrometer. The femtosecond laser pulse 
drives the optically gated THz transmitter and - via beam splitter and delay line the detector.  
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In this study, the low frequency THz transmission spectra are measured using the THz-TDS system 
(Tochigi Nikon, RT-10000) in which the low temperature-grown GaAs photoconductive antennas are used 
for both the emitter and detector. These antennas are triggered by a mode-locked Ti:sapphire laser with a 
wavelength of 780 nm, a pulse width less than 100 fs, and a repetition rate of 80 MHz.  
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Chapter 3 
Role of Polar Nanoregions with Weak Random Fields in 0.44Pb(Mg1/3Nb2/3)O3-
0.56PbTiO3 Single Crystals 
 
3.1 Introduction 
 Recently, the unusual electromechanical properties of lead-oxide perovskite (ABO3) relaxors such as 
Pb(Mg1/3Nb2/3)O3 (PMN) based Pb(Mg1/3Nb2/3)1-xTixO3 (PMN-xPT), Pb(Zn1/3Nb2/3)O3 (PZN) based 
Pb(Zn1/3Nb2/3)1-xTixO3 (PZN-xPT), have attracted considerable attention by the colossal piezoelectricity, in 
relation with the morphotropic phase boundary (MPB) in phase diagrams [1-5]. Among these materials, 
relaxor perovskite PMN-xPT single crystals are very promising compound as the candidate of ferroelectric 
material for electromechanical transducers due to their excellent piezoelectric coefficients, ultrahigh strain 
levels with low hysteresis, high dielectric constant, high electro-optic coefficients, and high 
electromechanical coupling factor [6].  
 The addition of PT in the structure of PMN has the effect of achieving charge neutrality in the unit 
cell for certain compositions of solid solution. The reason is that a Ti ion in PT has the +4 valence required 
for establishing a charge balance, unlike the ions Mg2+ and Nb5+ in PMN. With increasing the PT 
concentration in PMN-xPT, the relaxor behavior decreases [7] and, if PT concentration is sufficiently high, it 
undergoes a normal ferroelectric phase transition. Furthermore, this addition induces a dramatic increase of 
the piezoelectric properties, in particular, in the composition close to the MPB [6]. 
 The compositional disorder, i.e., the disorder in the arrangement of different ions at a crystallographic 
equivalent site, is a common structural property of relaxor ferroelectrics. It is reported that the differences of 
two B-site cations on the same kind of lattice sites is the source of quenched random fields (RFs) and play a 
key role in establishing the relaxor state [8,9]. The appearance of polar distortion is a consequence of the ion 
off-centering that is a common property of the most of perovskite ferroelectrics. Unlike KTa1-xNbxO3 (KTN), 
where Nb is only the off-centered positive ion, PMN-xPT represent a more difficult case. It was reported that 
in PMN-xPT, not only the ions of B-site, Mg, Nb, and Ti are shifted by ~ 0.1-0.2 Å, but also Pb, the ion of 
A-site, is off-centered by ~ 0.387-0.398 Å [10]. The displacement of Pb ions take places from their high 
symmetry site along [100] direction and that of B-site ions tend to shift along [111] direction [10,11]. At 
high temperatures, all the off-centered ions are expected to switch relatively freely between their positions 
and the time average structure remains cubic [12]. At a slightly lower temperature, their positions and 
motions become correlated, giving rise to the formation of polar nanoregions (PNRs). It is well-accepted that 
the relaxor ferroelectrics show three characteristic temperatures: Burns temperature TB, when the lifetime of 
polar fluctuations becomes longer than the inverse optical phonon frequency; intermediate temperature T*, 
when permanent PNRs appear; and cubic-tetragonal phase transition temperature TC-T, when dielectric 
constant becomes maximum.  
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Although a lot of studies have been performed on PMN-xPT systems, till now it remains to be confirmed 
whether the maximum limit of PT content up to which the PNRs persist. Ye et al. showed that the 
substitution of Ti4+ ions for Mg2+/Nb5+ ions can decrease the effect of RFs in PMN-xPT [13]. Recent neutron 
diffraction study on PMN-60PT showed very small diffuse scattering, suggesting the absence of PNRs [14]. 
However, the diffraction method cannot detect dynamic PNRs. Some phenomena typically related to the 
relaxation of dynamic PNRs, namely, the intense Brillouin quasielastic scattering, the softening of the 
longitudinal acoustic mode, and the deviation from the Curie-Weiss law above the Curie point were 
observed in PMN-55%PT [15-17]. Very recent Raman scattering study on a PMN-56PT single crystal also 
revealed the existence of PNRs [18]. In this situation, another approach may be to investigate the dynamics 
of PNRs with weak RFs and corresponding relaxor properties in more detail.  
 The central peaks (CPs) in a low-frequency inelastic light scattering (ILS) spectrum is important to 
understand the dynamics of PNRs. In this respect, ILS can be a very useful tool, because it is very sensitive 
to local symmetry breaking related to heterogeneity among the few techniques that can be used to directly 
probe the local symmetry and structure. Therefore, to identify the local structural symmetry of PNRs, the 
angular dependence of Raman scattering (one of ILS) combined with Raman tensor analysis can be a very 
powerful technique, because it measures the scattering intensity with respect to the polarization direction of 
an incident light. Recently, the local symmetry of CPs and some other Raman modes in a paraelectric cubic 
phase related to rhombohedral PNRs were identified by the angular dependence of Raman scattering in Li-
doped KTN [19] and PMN [20] single crystals. The angular dependences of Raman spectra of PT and PMN-
33PT were also measured in the tetragonal phase to identify the symmetry of the modes [21,22]. Very 
recently, the phase coexistence in the PMN-xPT close to MPB composition has been inferred from the 
inspection of the angular dependence of Raman scattering [23]. However, as far as we know, the angular 
dependence of the Raman spectra of PT rich PMN-xPT, especially focusing on CPs, in a paraelectric cubic 
phase is not reported yet.  
 To observe the variation of the diagonal and off-diagonal elements in the Raman tensor in the vicinity 
of a phase transition point, it is necessary to measure both the polarized (VV) and depolarized (VH) 
scattering separately. So far, the ILS studies on a phase transition have been performed by using VV or 
unpolarized light scattering [15,24-29]. Above the Curie temperature, very few earlier studies observed the 
strong VH scattering spectra [30-32]. Y. Nakata et al. carried out VV and VH scattering of a phase transition 
by Brillioun scattering in PZN-11PT single crystals [33]. They observed a strong VH-CP in the vicinity of a 
phase transition temperature, and ascribed its origin to a E-symmetry polarization fluctuation of PNRs. In 
pure PZN, Y. Gorouya et al. observed almost the same intensity in both the VH- and VV-CPs [33] and they 
discussed the slowing down mechanism towards the transition point only by the results obtained from the 
VH-CP.  
 The dynamic pair distribution function (PDF) of PMN observed by pulsed neutron inelastic scattering 
indicates that the local [100] shifts are correlated in the medium range and on an average the Pb ions shift 
along [111] directions, therefore the PNR has rhombohedral R3m symmetry [34]. However, the composition 
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dependences of Raman scattering [26,27] and electric field induced polarization [35] measurements on 
PMN-xPT revealed that the stability of local rhombohedral symmetry is deteriorated by adding PT to PMN. 
From the characteristic jump of the Raman frequencies and linewidths in the frequency range 700-800 cm-1, 
it was proposed that at high PT contents, the local symmetry of PNRs changes from rhombohedral 3m to 
tetragonal 4mm [26]. In addition, the first principles result showed that at high PT contents, the collinear 
[100] Pb atom distortions form short Pb-O bonds, maximize dipole alignment, and minimize local Pb-B 
cation repulsion by avoiding the Ti cations located along the [111] direction [10]. D. La-Orauttapong et al. 
also measured the composition dependences of PZN-xPT and suggested that with increasing the PT content, 
the local polarization direction remains unchanged along [111] direction, but the PNRs grow preferentially 
very closer to [100] direction [36]. As indicated by Raman scattering in PZN and KTN, on cooling, the B-
site cations was shown to restrict progressively in fewer [111] directions which results in the local tetragonal 
symmetry [28,31]. However, in spite of extensive studies on the dynamical aspects of PNRs, the exact 
knowledge of static and dynamic features of PNRs with weak RFs and their local symmetry is still an 
intriguing topic. Therefore, the detailed polarization analysis on the VV- and VH-CPs in a cubic phase, 
which is directly related to PNRs, is important and also necessary in Pb-based perovskites with weak RFs.  
In the present study, the physical origin of the CPs in two different scattering geometries has been 
discussed by the angular dependence of Raman scattering in a paraelectric cubic phase. In addition, the 
temperature dependence of Brillouin scattering has been performed to discuss the physical origin of the 
intense VH-CP over the VV-CP in terms of polarization fluctuations of PNRs and their slowing down 
mechanism. 
3.2 Methods 
3.2.1  Temperature Dependence of Raman Scattering 
 The perovskite single crystals used in this study were grown by modified Bridgman method [37] and 
the nominal composition was PMN-56PT. A phase diagram of PMN-xPT single crystals is shown in Fig. 1. 
 
 
 
 
 
 
 
 
 
 
 
 
0 20 40 60 80 100
200
300
400
500
600
700
Above MPB
 
 
T
em
p
er
at
u
re
 (
K
)
x% of PT
Rombohedral
            [111]
Cubic
Tetragonal
    [100]
M
o
n
o
cl
in
ic
Below MPB
Fig. 1. Phase diagram of PMN-xPT single crystals [38,39]. 
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 A rectangular slab sample were cut into (100)-oriented platelets, which were polished to optical quality. A 
back scattering geometry [40] was used, in which polarized x(zz)?̅?  (VV) and depolarized x(yz)?̅?  (VH) 
spectra were recorded over a wide temperature range from 298 K to 773 K. A single frequency diode pump 
solid state (DPSS) laser with a wavelength of 532 nm and a power of about 100 mW was used. The Raman 
scattering spectra were recorded using a triple-grating monochromator (T64000, JobinYvon) with additive 
dispersion combined with a photomultiplier tube (R464S, Hamamatsu). The temperature dependence of 
Raman spectra was measured with a spectral range from -100 to 400 cm-1 and a spectral resolution of about 3 
cm-1.  The temperature of the sample was controlled by using a heating/cooling stage for a microscope 
(THMS600, Linkam) with a stability of ±0.1 K. 
3.2.2    Angular Dependence of Raman Scattering 
 The sample was put inside the temperature controlled stage (Linkam) on the xyz mapping stage 
(Tokyo Instruments) installed in the microscope (Olympus). Linearly polarized incident light from a diode-
pumped solid-state laser (Coherent) with a single-frequency operation at 532 nm and a power of 150 mW 
traveled to the sample through a polarization rotation device (Sigma Koki) equipped with a broadband half-
waveplate (Kogakugiken). Corresponding to the rotation of the half-waveplate by θ/2 with respect to the 
optical axis, the polarization plane of incidence is rotated by θ degree. Moreover, the polarization direction 
of scattering light, propagating in opposite direction of incident light, is rotated by - θ degree. The intense 
elastic scattering is eliminated by two volume Bragg gratings so called "ultra narrow-band notch filters" 
(Opti Grate). The inelastic scattering light was dispersed by a single-monochromator (Lucir) and the 
dispersed component was detected by using a charge coupled device (CCD, Andor). In the present study, the 
polarizer was set to be parallel (VV) and cross nicol (VH) geometries, respectively. 
3.2.3 Brillouin Scattering 
 A micro-Brillouin scattering system with a 3 + 3 pass Sandercock-type tandem Fabry-Perot 
interferometer (FPI) was used to measure the Brillouin spectra with a free spectral range (FSR) ±300 GHz 
over a wide temperature range from 298 K to 773 K. The exciting light source was a single frequency diode 
pump solid state (DPSS) laser with a wavelength of 532 nm and a power of about 100 mW. Each 
polarization of the scattered light, VH and VV, was measured separately by placing a rotating polarizer in 
front of the entrance slit. The temperature of a sample was controlled by using a heating/cooling stage 
(THMS600, Linkam) with a stability of ±0.1 K. In backward scattering geometry, there is often so much 
elastic light that the photon counting system is saturated and so no signal is available for stabilizing the 
interferometer. In this case, it is necessary to reduce the laser intensity while scanning through the elastic 
peak. In order to do so, a double shutter system is integrated into the optical system directly behind the 
entrance pinhole to the spectrometer. By using these shutter, the elastic scattering is cut in the range between 
-60 to +60 GHz. Since the frequency of the acoustic modes exist between this ranges, therefore, the elastic 
and acoustic contributions were not observed when measuring the CP.  
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3.3 Results 
3.3.1 Temperature Dependence of Raman Scattering 
 Polarized and depolarized Raman scattering were measured over a wide temperature range. Figures 2 
(a) and (b) show the Raman spectra of PMN-56PT in the x(yz)?̅? (VH) and x(zz)?̅? (VV) scattering geometries, 
respectively at some selected temperatures.  
 
 
 
 
 
 
 
In order to quantitative analysis, all the Raman spectra were fitted with the assumption of a Lorentzian CP 
and the other vibrational peaks by spectral response functions of a damped harmonic oscillator (DHO) 
modified by the Bose-Einstein factor as follows [41], 
I(ω) =
2A
π
∆ω
4ω2+∆ω2
+(n(ω,T)+1) ∑
AjΓjωj
2ω
(ωj
2-ω2)
2
+ω2Γj
2j
      (1) 
here A and ∆ω are the intensity and width of CP, respectively. 𝑛(𝜔, 𝑇) is the Bose-Einstein population factor. 
Aj, Γj, and ωj are the intensity factor, damping constant and the mode frequency, respectively, of the jth 
optical phonon mode. The light scattering intensity of phonon modes is proportional to the response of the 
sum of DHO multiplied by n(ω,T) [42-44]. On the other hand, a CP is considered as a relaxation process, 
therefore, the light scattering intensity of relaxation processes is proportional to the sum of a Debye response 
multiplied by n(ω,T), and is approximated by the sum of a Lorentzian function. The Raman modes were best 
resolved at the lowest temperature. For that reason, we started the fitting procedure with the spectrum 
recorded at the lowest temperature. The best fit in the preceding temperature was taken as the initial data for 
the next higher temperature. 
 Figures 3 (a) and (b) represent the best fitted results with Eq. (1). The Raman spectra in PMN-56PT 
can be divided into two characteristic regions of frequency: the low frequency region which is below 150 
cm-1; and the high frequency region which is above 150 cm-1. The vibrational modes in these frequency 
ranges can be assigned according to the mode assignment in pure PMN [45] and especially due to the lattice 
dynamics calculations performed by Prosandeev et al. [46]. The low frequency region up to 150 cm-1 can be 
attributed to the Pb-BO6 stretching modes. The modes above 150 cm-1 can be classified as mixed B-O-B 
bending and O-B-O stretching vibration. The temperature dependences of the calculated Raman mode 
frequencies which were obtained by fitting are displayed in Fig. 4. It is worth noting that with decreasing 
Fig. 2. Raman spectra of PMN-56PT in (a) VH and (b) VV scattering geometries, respectively, at 
some selected temperatures. 
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temperature some of the mode frequencies show anomalous behavior in the vicinity of 533 K. In Fig. 5, we 
show the temperature dependence of frequency shift and full width half maxima (FWHM) of TO2 (line C in 
Fig. 3(a)) mode. 
  
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
3.3.1 Angular Dependence of CP in Raman Scattering 
 In order to observe the effect of Ti-concentration on the local symmetry of PNRs, we measured the 
Raman spectrum of PMN-17PT and PMN-56PT in a paraelectric cubic phase as shown in Fig. 6. From Fig. 
6, it is clearly seen that in the range between 400-900 cm-1, the frequency and linewidths of each Raman 
mode show significant changes. On the other hand, the angular dependences of the modes within the 400-
900 cm-1 are shown in Fig. 7. It is remarkable that the modes denoted by P and Q do not shows the angular 
dependences in PMN-17PT while in PMN-56PT these two modes show very clear angular dependences. 
These two observations can be owing to the change of local symmetry upon Ti addition. Therefore, by 
considering the composition dependence of Raman scattering [26,27], first principles [10], field dependence 
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of polarization and strain measurements [35], and the present Raman scattering results, it is reasonable to 
assume that the local symmetry of PNRs is tetragonal with the point group 4mm.  
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
Figures 8(a) and (b) show the contour color map of the Raman scattering intensity of PMN-56PT single 
crystals as a function of rotation angle in both the VH and VV scattering in a paraelectric cubic phase at 573 
K. Raman scattering is highly sensitive to polarization fluctuations, and it is well suited for a study of the 
dynamics of PNR. The prominent CP in both the VH and VV spectra demonstrates the existence of PNRs in 
PMN-56PT single crystal.  
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In local 4mm symmetry, we expect that at 0 degree, VV scattering measures A1(z)-symmetry excitations, 
which is related to the ionic motion parallel to the polar axis, and VH scattering measures E(x,y)-symmetry 
excitations, which is related to the ionic motion on a plane perpendicular to the polar axis. 
In order to investigate the angular dependence of CPs quantitatively, all the Raman spectra were fitted by 
using Eq. (1). It is known that the Raman intensity depends on the Raman tensor and scattering geometry 
[43] which can be expressed as: 
I  (eiαes)2         (2) 
where ei and es are the unit polarization vectors of the electric field of the incident and scattered beam, 
respectively, while α represents the Raman scattering tensor of the studied band.  
In the tetragonal symmetry, the local polarization direction in PNRs fluctuates along the equivalent [100] 
directions in cubic coordinates. Therefore, the Raman tensor calculations were performed with tetragonal 
4mm (C4v) symmetry. The observable Raman tensors in x(yz)?̅? and x(zz)?̅? scattering geometries in tetragonal 
coordinates are presented below. The quantity in parentheses represents the polarization of the modes. 
A1(z) = [
a 0 0
0 a 0
0 0 b
] ,  E(x) = [
0 0 c
0 0 0
c 0 0
] ,  E(y) = [
0 0 0
0 0 c
0 c 0
] 
The angular dependence of Raman intensity in cubic coordinates is suggested to be proportional to 
    R⃗ 
-1
.C⃗⃗ 
-1
.(A1(z)or E(x) or E(y)).C⃗⃗ .R⃗       (3) 
where ?⃗?  is the coordinate rotation matrix about the cubic [100]c axis, 
R⃗  = [
1 0 0
0 cosθ -sinθ
0 sinθ cosθ
] 
The tetragonal symmetry has six equivalent polarization directions and the local tetragonal regions are 
oriented randomly as shown in Fig. 9.  
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The angular dependences of Raman spectra in cubic coordinates were calculated in multidomain state, where 
the contributions of all domains were summed up equally. Since the tetragonal coordinates differ from the 
experimental ones used for polarization rotation, the Raman tensor for 4mm symmetry in tetragonal 
coordinates must be modified according to the experimental coordinates, which are equivalent to cubic 
coordinates. In Eq. (3), matrix C⃗⃗  is the transformation matrix corresponding to Raman tensor modification 
from tetragonal to cubic coordinates. The matrix C⃗⃗  for the six domain directions along [100]C of the local 
tetragonal region are given below:  
 
[
1 0 0
0 1 0
0 0 1
]      [
1 0 0
0 0 -1
0 1 0
]     [
0 0 -1
0 1 0
1 0 0
]  [
0 0 1
0 1 0
-1 0 0
]      [
1 0 0
0 0 1
0 -1 0
]      [
-1 0 0
0 1 0
0 0 -1
] 
After transforming the Raman tensor elements from tetragonal to cubic coordinate by using Eq. (3), one can 
obtain the values of the intensity of the zz (VV) and yz (VH) components for E(x,y) mode as 
   IE(x,y)
zz  ∝ 4|c|2 sin2 2θ∝ I0 sin
2 2θ        (4) 
   IE(x,y)
yz
 ∝ 4|c|2 cos2 2θ∝ I0 cos
2 2θ       (5) 
Here the intensity of the E(x) and E(y) modes have been calculated independently and then summed up, 
because these modes appear in the same position of the Raman spectra. 
Similarly, for A1(z) mode as 
   IA1(z)
zz  ∝ [-(|a|2- 2|a||b|cosφ + |b|2)] sin2 2θ + 4|a|2 + 2|b|2    (6) 
   IA1(z)
yz
 ∝ (|a|2- 2|a||b|cosφ + |b|2) sin2 2θ      (7) 
where φ = arg(b) - arg(a) represents a relative phase difference between two Raman tensor components of 
A1(z).  
Domain 1     Domain 2        Domain 3          Domain 4        Domain 5         Domain 6 
 
 
 
 
Fig. 9. Six equivalent orientations of tetragonal domains with respect to cubic coordinates.  Blue, 
green and red arrows denote the crystallographic x, y, and z axes, respectively.  
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The angular dependences of the VH- and VV-CPs intensities measured at 573 K, with a step interval 5 
degree, are shown by the closed circles in Figs. 10 (a) and (b), respectively. It is clearly seen that the Raman 
intensities of VH- and VV-CPs strongly depend on the rotation angles. The solid lines denote the fitting 
results using Eq. (5) and (4), respectively.   
 
3.3.3 Temperature Dependence of CP in Brillouin Scattering 
  
 
 
 
 
 
 
 
 
 
 
 
 
In order to observe the quasi-elastic CP, Brillouin scattering is a very convenient probe. The presence of a 
CP in the Brillouin spectrum can reveal the characteristic relaxational polarization fluctuations associated 
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Fig. 10. Angular dependences of CP intensity in (a) VH and (b) VV scattering geometries, where 
closed circles and solid lines represent the observed and calculated intensities, respectively. 
Fig. 11. Contour color maps of the (a) VH- and (b) VV-CPs of PMN-56PT single crystals 
versus temperature and frequency in Brillouin scattering. 
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with the reorientation of PNRs. In this respect, the temperature dependences of the VH- and VV-CPs were 
measured to investigate the relaxation process of PNRs. Figures 11 (a) and (b) show the contour color maps 
of the VH- and VV-CPs intensity versus temperature and frequency in PMN-56PT single crystals. 
 It is seen that the intensity of the CPs increases with decreasing temperature down to 533 K. In 
addition, above TB, the important feature is the strong and narrow scattering in the VV geometry 
accompanied by relatively very weak scattering in the VH geometry. The intensity of the VH- and VV-CPs 
which were obtained by fitting with the Voigt function, are displayed in Fig. 12. Upon cooling, CPs show 
drastic changes at three characteristic temperatures: (i) the VH-CP begins to increases at about TB ~ 673 K 
due to the appearance of dynamic PNRs, (ii) below T*~ 603 K, the significant increase of intensity in both 
components pointing out the local phase transition of PNRs; simultaneous appearance of the diffuse neutron 
scattering [47] allows us to associate T* with the nucleation of the permanent PNRs, and (iii) a sudden 
change of the intensity at TC-T ~ 533 K indicates a structural phase transition from cubic to tetragonal 
symmetry. In our present backward scattering geometry, it is seen from Fig. 12 that below T*, the intensity 
of the VH-CP increases rapidly while that of the VV-CP increases gradually. Therefore, the phenomenon 
observed here for PMN-56PT is rather exceptional and also interesting.  
 
 
 
 
 
 
 
 
 
 
  
 
 
To describe the dynamics of the CPs, the relaxation time was determined by assuming the Debye-relaxation 
process as  
     π∙(FWHM of CP) × τCP = 1       (8)  
where τCP is the relaxation time of the CP. Temperature dependences of τCP for both the VH-and VV-CPs are 
shown in Fig. 13. It is found that the temperature dependence of τCP estimated from the width of the VH-CP 
is larger than that from the VV-CP. 
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 It was pointed out that the semiclassical tunneling model contains the physically unreliable 
assumption for relaxor (the potential barrier is invariant with temperature) [29]. Therefore, we considered the 
modified superparaelectric model [29], where the size of the microregions and related potentials are assumed 
to be temperature dependent. According to this model, the activation energy H is considered to change as 
H0(TB-T)/TB, where H0 is the activation energy extrapolated to temperature of absolute zero. Thus, the 
thermal energy kBT and the relaxation time of the polarization switching τCP are related in the following way: 
   τCP = τ0exp [
H0
kB
(
1
T
-
1
TB
)]    TC-T ≤ T ≤ TB    (9) 
The above formula suggests that the activation energy barrier separating different polarization states of 
PNRs is proportional to the volume of PNRs which grows upon cooling [28].  
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Fig. 13. The temperature dependences of the relaxation times of PNRs in Brillouin scattering 
measured at VH and VV scattering geometries. The solid lines represent the best fit by Eq. (9). The 
values of the activation energy (H0) and the attempt frequencies υ0 (=1/2πτ0) determined from the 
fittings are H0T = 0.52 eV and υ0T = 8.8 × 1011 Hz for CP in VH scattering, and H0L = 0.26 eV and υ0L = 
5.5 × 1011 Hz for CP in VV scattering, respectively.  
Fig. 14. Temperature dependences of the inverse relaxation time of PMN-56PT. The solid line 
represents the best fit by Eq. (10). 
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Figure 14 shows the temperature dependence of 1/τCP. On cooling from the high temperatures, the 1/τCP 
decreases markedly between T* and TC-T. In order to describe the temperature dependence of 1/τCP 
quantitatively, the error weighted fitting was done by the following empirical equation of diffuse slowing 
down [48], 
1
τCP
=
1
τ01
+
(T-TC-T)
β
∆'
,        for T>TC-T           (10) 
where β is the stretched index denote the diffuseness of the anomalies in its temperature dependences, τ01 is 
the relaxation time at TC-T, and Δ׳ is constant. This equation may be considered as a convenient approach for 
describing the diffuse slowing down process giving rise to the formation of CP.  
3.4 Discussion  
3.4.1  Temperature Dependence of Raman Scattering 
Raman scattering is very important tool for identifying the phase transition behavior in a certain 
materials. According to the phase diagram, PMN-56PT has only two different phases e. g. cubic and 
tetragonal with the space group Pm3̅m (Oh) and P4mm (C4v), respectively. From Fig. 4, it is noticeable that 
upon cooling from high temperature some of the mode frequencies show anomalous behavior in the vicinity 
of TC-T ~ 533 K suggesting the change of the crystal symmetry from cubic Pm3̅m to tetragonal P4mm. 
Another evidence of this change is shown in Fig. 5. In this plot we show the temperature dependence of 
frequency shift and full width half maxima (FWHM) of TO2 (line C in Fig. 3(a)) mode. We can see a 
discontinuity in both the mode frequency and FWHM at about 533 K. This evidence points to a cubic-
tetragonal structural phase transition at TC-T ~ 533 K for PMN-56PT. In addition, the most remarkable 
feature in PMN-56PT single crystals is the presence of Raman active modes in a paraelectric cubic phase. 
According to the group theory analysis, first-order Raman active modes are not allowed in Pm3̅m symmetry. 
Previously, first-order Raman spectra were also observed in PMN-PT systems [26, 27]. The origin of these 
modes were attributed due to the presence of PNRs and chemical order regions (CORs). However, in such 
high-PT content materials, the CORs disappears and therefore, the origin of these Raman modes were 
ascribed due to PNRs. The existence of the CP is a direct consequence of the relaxations, which are very 
sensitive to the local polarization fluctuations. If the relaxation process is fast, the CP is weak and broad. 
Their slowing down causes the growth and narrowing of the CP. The detailed angular and temperature 
variations of CP has been discussed in the following sections. 
  
3.4.2 Angular Dependence of Raman Scattering 
 The periodic pattern of the scattered beam intensity with the rotation angle observed for the PMN-xPT 
sample is attributed to the change of domain orientations relative to the polarization direction of the incident 
beam. Since the dependence of Raman intensity on the phase difference originates from a term which is 
proportional to the product of two different Raman tensor components [49], therefore, it is seen from Eqs. 
(4)-(7), only the A1(z)-symmetry excitations will have the phase differential contributing to the susceptibility 
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of the polarized angle. From Eq. (7), it is seen that A1(z)-symmetry implies zero Raman scattering intensity 
for the VH configuration when the incident plane of polarization is parallel (θ = 0 degree) or perpendicular 
(θ = 90 degree) to the polar axis. The maximum signal should occur at θ = 45 degree. In contrast, we have 
observed the strongest Raman signal in the VH configuration for θ = 0 degree. Therefore, the solid line in 
Fig. 10(a) represents the best fitted curve which was obtained by Eq. (5) demonstrates a good agreement 
between the experiment and calculation, suggesting that the VH-CP can be assigned to the tetragonal E(x,y) 
(= E(x)+E(y))-symmetry of PNRs. On the other hand, in VV configuration, at θ = 0 degree and 90 degree, 
the intensity of the A1(z)-symmetry should be maximum. While, at θ = 45 degree, both E(x,y)- and A1(z)-
symmetries are active. Since, the intensity of the E(x,y)-symmetry is maximum at θ = 45 degree, therefore 
the angular variations show the E(x,y)-symmetry of PNRs. However, we observed a strong background in 
the VV scattering. The ratio between the background to maximum intensity in the VH scattering is around 
8%. And the corresponding ratio in the VV scattering is around 46%. Therefore, the strong background in 
the VV scattering may stem from the A1(z)-symmetry of PNRs. We have calculated the ratio of the Raman 
tensor components (|b/a|=1.23) and phase difference (φ=10 degree) from the strong background in the VV 
scattering by using Eq. (6) for the A1(z)-symmetry of PNRs. According to this result, VH-CP belongs to 
E(x,y)-symmetry and VV-CP belongs to A1(z)- and E(x,y)-symmetries while A1(z) is dominant.  
 
3.4.3 Temperature Dependence of Brillouin Scattering 
 In this step, the VH- and VV-CPs in the PMN-56PT single crystals have been discussed by the results 
obtained from the Brillouin scattering. Both the VH and VV scattering measures the change in the off-
diagonal and diagonal contribution of the dielectric tensor and thus suitable for the study of PNR dynamics. 
Cooling from the high temperature above TB, as seen from Fig. 12, the important feature is the strong and 
narrow CP in the VV geometry accompanied by relatively weak CP in the VH geometry. This result 
indicates that, at high temperature range above TB where there is no PNR, the off-center ions can reorient 
freely without restriction. Rapid 180o reorientations of the off-center ions causes the dominance of the VV 
component of CP over the VH component due to symmetry consideration. This feature is similar to the case 
of pure PMN and PZN-PT which display a persisting VV component of CP at high temperatures up to 900 K 
[50-52]. Lowering of the temperature leads to the appearance of the polar clusters near TB, restrictions of the 
180o reorientations, where the intensity of CP begins to increase. The growth of the CP in the VH scattering 
geometry at about TB indicates that off-diagonal components of the polarizability tensor develop around this 
temperature and therefore, influence the VH scattering. Near T*, the intensity of the CPs increases rapidly 
indicating the local phase transition from dynamic to static PNRs begins to take place. At this temperature, 
the permanent PNRs appear with local strain fields. Upon further cooling, both the VH- and VV-CPs 
increase toward TC-T which may be attributed to the increase in size of PNRs as well as to the correlation 
between PNRs due to the enhanced ferroelectric instability. Although both the VH- and VV-CPs increase as 
the temperature approaches to TC-T, the intensity of the VH-CP increases rapidly while that of the VV-CP 
increases gradually. 
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It is well known that the VH scattering arises from non-totally symmetric vibrations, and in particular 
rotations [31]. Thus, the rapid change in the VH-CP intensity confirms the contribution of rotations to the 
relaxor dynamics. A similar results had been obtained in other relaxor ferroelectrics [31,32] and it was 
suggested that on cooling, the correlation between off-centered ions in PNRs enhanced and their motion 
restrict in fewer equivalent [111] orientations, gradually losing the symmetric 180o fluctuations. In PMN-
56PT, this mechanism is rather complicated because of the displacement of local Pb ions along [100] 
direction, and the B-site cations along [111] direction [10,11]. It was reported earlier that near T*, the B-site 
cations move preferentially among the four sites in a plane leading to an effective displacement along [100] 
direction [28]. Therefore, when the cubic phase will be viewed from any of its fourfold axes, then an average 
local tetragonal structure will be seen by the correlated B-site cations displacement. In a paraelectric cubic 
phase, a similar symmetry breaking at the B-sites was observed [53,54]. Therefore, now the correlations of 
the Pb displacements will affect the number of equivalent sites for the B-site cations. Since on cooling, Pb-
Pb, and Pb-B correlations become stronger, therefore their motion will gradually restrict in [100], [010] and 
[001] directions similar to those observed in other relaxors where the motion were restricted in fewer 
equivalent [111] directions [31,32,51]. The switching among [100], [010] and [001] polarization directions 
can enhance the transverse polarization as indeed observed from the strong increase of VH scattering. The 
intense VH-CP over the VV-CP was also observed in PZN-11PT and attributed to the E-symmetry 
fluctuations of PNRs [30]. However, the authors did not describe the difference between the CPs observed in 
two different scattering geometries. Figure 15 represents a schematic illustration for the VH- and VV-CPs 
based on the switching of PNRs.  
 In lead based relaxor ferroelectric materials, especially in PMN-xPT, one of the important questions 
arises on PNRs about the upper limit of the PT content up to which the PNRs exist. A very weak diffuse 
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Fig. 15. A schematic illustration of the VH- and VV-CPs based on polarization switching of 
PNRs. 
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scattering was observed due to the absence of PNRs in PMN-60PT single crystals [14]. However, 
Vakhrushev et al. reported on the basis of their high energy resolution neutron spin-echo spectroscopy 
results that the diffuse scattering in PMN is purely elastic and therefore, can be associated only with the 
static PNRs, not the dynamic one [55]. It was further suggested that the dynamic PNRs can be observed only 
in the case of very small scattering vectors which are inaccessible in the neutron and X-ray experiments [55]. 
Recent dielectric, Raman and Brillouin scattering studies on PMN-xPT single crystals with high-PT 
concentrations showed the relaxorlike behavior, indicating the possibility of the existence of PNRs in this 
high-PT composition [15-18,26,27]. In addition, we have found a quasielastic CP centered near zero 
frequency in PMN-56PT single crystal, which can be the direct evidence of PNRs. 
 The slowing down of relaxation time in dynamic PNRs is an intriguing topic in relaxor ferroelectric 
materials. In pure PMN, Vakhrushev et al. [56] and Al-Zein et al. [57] reported that near TB, a narrow CP 
appears due to a special transition or a change of dynamics from soft mode to PNRs. Therefore, below TB, 
the dynamics is governed by a relaxation of the PNRs [56]. In order to observe the relaxation process inside 
the PNRs, we measured the relaxation time of CP in both the VH and VV scattering geometries. 
Interestingly, we observe a very clear difference in relaxation times below TB as shown in Fig. 13. To 
explain the difference between the relaxation times observed in VH- and VV-CPs, we consider the flipping 
motions of the polarization inside a PNR, as suggested by Tsukada et al. [58]. The longitudinal fluctuations 
occurs without any change of local shear strain in the PNRs while the local shear strain changes in 
transverse fluctuation [58,59]. Therefore, the faster relaxation process in VV scattering can correspond to the 
longitudinal fluctuations of PNRs, while the slower relaxation process in VH scattering can correspond to 
the transverse fluctuations of PNRs. It is because the motion accompanying shear strain can be slower than 
that of accompanying longitudinal strain [59,60]. As a consequence, the activation energy of the longitudinal 
fluctuations can be smaller than that of transverse fluctuations. 
 In order to determine the activation energy of PNR, we have fitted the relaxation times in both the 
VH- and VV-CPs by Eq. (9) as shown in Fig. 13. The values of the activation energy, H0, determined from 
the fittings are H0T = 0.52 eV for CP in VH scattering and H0L = 0.26 eV for CP in VV scattering. H0T and 
H0L correspond to the activation energy of transverse and longitudinal polarizations switching, respectively. 
It is seen that the activation energy is double in the VH scattering compared to that of VV scattering. The 
higher value of the activation energy is attributed to the fast growth of PNRs since the activation energy is 
assumed to be proportional to the volume of PNRs in this model. As a result, transverse polarization 
switching tends to freeze towards TC-T in order to stabilize the tetragonal structure. The values of the 
observed H0 are plausible as they are of same order of magnitude as those obtained for PMN-35PT and PZN-
20PT [29,61]. On the other hand, the values of the attempt frequencies υ0 (= 1/2πτ0) are υ0T = 8.8 × 1011 Hz 
and υ0L = 5.5 × 1011 Hz, corresponding to transverse and longitudinal fluctuations, respectively. Since, the 
activation energy in transverse fluctuation is higher, therefore, the tunneling attempt frequency should be 
higher compared to longitudinal one as indeed observed from the fittings. These values are in the order of 
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typical Debye frequencies and therefore, justify the fitting procedure based on the modified superparaelectric 
model. 
In the case of β =1, the Eq. (10) gives the normal critical slowing down with no random fields whereas β > 1 
stands for the suppressed and/or stretched slowing down with random fields. As the random fields increase, 
 also increases from 1. As shown in Fig. 14, the observed value of 𝛽 = 1.43 indicates the presence of weak 
random fields. 
 
 
 
 
 
 
 
 
 
 
 
 
In relaxor ferroelectrics, the length scale of heterogeneity is very important. Therefore, to discuss the 
temperature evolution of the dynamic PNRs, the average size of PNRs was determined by multiplying the 
sound velocity of the longitudinal acoustic phonon by the relaxation time related to the polarization flipping 
therein. It is because the characteristic length scale of polarization flipping can be given by the propagation 
length of local strain in a period of relaxation time [48,62]. The temperature dependence of the average size 
of PNRs of PMN-56PT is shown in Fig. 16. In the region between TB and the intermediate temperature, T*, 
the average size of PNR is almost constant. While on cooling, below T*, it begins to increase markedly 
towards the TC-T, reflecting the growth of the PNRs up to the percolation limit in which the reorientation is 
completely suppressed [63]. The estimated values in Fig. 16 are comparable with those of PZN-15PT single 
crystals determined by Brillioun scattering [64].  
 
3.5   Conclusions 
 In summary, we have studied Raman and Brillouin scattering on Pb-based ferroelectrics with weak 
RFs focusing on CPs. The depolarized (VH) and polarized (VV) CPs observed in Raman spectra indicate the 
local tetragonal symmetry of PNRs with the point group 4mm which is different from local rhombohedral 
R3m symmetry with strong RFs. In Brillouin scattering, at around TB, the motion of the off-center ions gives 
rise to the reorientational dynamics of local polarization in PNRs which was seen directly through the 
evolution of the VH-CP. The switching motion of local polarization in PNRs were gradually restricted 
towards [100], [010], and [001] directions upon cooling, leading to the strong increase in the VH-CP 
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intensity. By the analysis of the modified super paraelectric model for the VH- and VV-CPs, the higher 
activation energy of the transverse fluctuation was obtained in the VH-CP. Due to the higher activation 
energy, the remarkable slowing down of the transverse fluctuation towards TC-T was observed. The inverse 
relaxation time suppressed above TC-T due to the presence of weak random fields. The present study will 
give a new insight into the role of PNRs in not only Pb-based relaxors but also disordered materials with 
RFs. 
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Chapter 4 
Brillouin Scattering and Elastic Constants of 0.44Pb(Mg1/3Nb2/3)O3-0.56PbTiO3 
Single Crystals with Weak Random Fields 
 
4.1  Introduction 
 There has been a great deal of interest in a new class of relaxor-based ferroelectric perovskite 
Pb[(Mg1/3Nb2/3)1-xTix]O3 (PMN-xPT) due to their superior piezoelectric properties [1] compared to the 
conventional PbZrxTi(1-x)O3 ceramics that have dominated piezoelectric applications for last several decades. 
Since their discovery early in 1959’s [2], there has been extensive theoretical and experimental studies 
[1,3,4] which greatly advanced our understanding of relaxors. This complex compound is formed by 
combining relaxor ferroelectric (RFE) Pb(Mg1/2Nb2/3)O3 (PMN) and classical ferroelectric (FE) PbTiO3 (PT). 
The compositional disorder i.e., the disorder in the arrangement of different ions on a crystallographically 
equivalent site, is a common structural feature of RFEs. The ion off-centering of B-site cations and the local 
displacement of Pb on A-site, results in a frustrated system when composition and temperature variations are 
also considered. Such kind of compositionally induced site or charge disorder competing with local 
ferroelectric order is essential to relaxor phenomenon, and is believed to be at the heart of thermal evolution 
of nanometric local entities known as polar nanoregions (PNRs) that appear at/below the so called Burns 
temperature (TB) [5]. The dynamics of PNR has been thought to play an essential role in the occurrence of 
excellent piezoelectricity, high dielectric constant, and electromechanical coefficient etc., and has been 
studied by using various experimental techniques [6-10]. However, there is still a long way to understand the 
dynamics. 
 One of the major questions on PNRs in the PMN-PT solid solutions is about the upper limit of the PT 
content at which PNRs persist. The weak diffuse scattering related to PNRs was observed on a PMN-60PT 
single crystal by neutron scattering studies, suggesting that the short-ranged polar correlation do not form in 
PMN-60PT [11]. On the other hand, recent dielectric, Raman and Brillioun scattering studies on PMN-PT 
single crystal with a high PT content showed relaxorlike behavior, indicating the possibility of the existence 
of PNRs in this high-PT composition [12-14]. However, the effect of an electric field and the quantitative 
analysis of elastic anomaly and sound attenuation and consequently the possibility of further improvements 
still remain unclear in these high PT-content compositions. 
 Elastic properties can be determined by using various methods such as ultrasonic pulse-
echo/resonance or Brillouin scattering techniques, depending on the availability of single crystals of 
appropriate size. Brillouin scattering is the non-contact method, which enables the measurement of the large 
temperature range. In the present study, we have reported the temperature and electric field dependences of 
acoustic properties of 0.44Pb(Mg1/3Nb2/3)O3-0.56PbTiO3 (PMN-56PT) single crystals using the micro-
Brillouin scattering technique in back scattering geometry [15]. Further, the effect of dynamical PNRs on 
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the acoustic properties above the structural phase transition temperature has been discussed quantitatively 
with the theoretical model. To extract the elastic constants of PMN-56PT, we have also performed the first 
principles study using pseudopotential technique to compare with Brillouin scattering results. 
 
4.2   Methodology 
4.2.1  Experimental 
 The PMN-56PT single crystals were grown by the Bridgeman method [16].Samples were cut into 
(100)-oriented platelets, which were polished to optical quality. An excitation light source was a diode 
pumped solid state laser at the wavelength of 532 nm and a power of 100 mW. The scattered light was 
analyzed by a micro-Brillouin scattering system with a 3+3 pass Sandercock-type tandem Fabry-Pérot 
interferometer with a photon-counting system. The temperature of the sample was controlled by a 
heating/cooling stage (Linkam, THMS600) from 298 K to 773 K with ±0.1 accuracy. The two (100) faces of 
the sample were coated with the silver paste for electric field application along [100]-direction. Before 
applying field, the sample was heated up to 723 K and kept at 1 hour to erase any kind of memory effect.  
4.2.2  Theoretical 
  We have performed the first-principle calculations using Cambridge Sequential Total Energy 
Package (CASTEP) simulation software [17]. The calculations were performed using the local density 
approximation (LDA) with CA-PZ functions. The k points were set at 6×6×6 with the cut-off energy values 
of the plane wave expansions in 610 eV after the convergence test. The elastic constants are calculated by 
the stress-strain method which is integrated in the CASTEP code. Geometry optimization is conducted using 
convergence thresholds of 5×10–6 eV/atom for the total energy, 0.01eV/Å-1 for the maximum force, 0.02 GPa 
for maximum stress, and 5×10–4 Å for maximum displacement. 
 In this work, the atomic coordinates of a cubic PMN-56PT crystal with space group Pm-3m are Pb 
(0.0,0.0,0.0), Mg/Nb/Ti (0.5,0.5,0.5) and O (0.5,0.5,0.0) and the tetragonal phase of PMN-56PT with space 
group P4mm are Pb (0.0,0.0,0.0), Mg/Nb/Ti (0.5,0.5,0.538), O1 (0.5, 0.0, 0.638) and O2 (0.5,0.5,0.109) 
[18]. 
4.3 Results and Discussion 
 Figures 1 and 2 show a set of typical Brillouin scattering spectra at a few selected temperatures in the 
present backward scattering geometry under zero field cooling (ZFC) and field cooling (FC) process, 
respectively. Without the applied electric field, the most striking feature is the appearance of some additional 
peaks in the Brillouin scattering spectra in the tetragonal phase. The appearance of these additional peaks 
indicates the formation of nanodomain states by random fields in PMN-56PT single crystals. These 
nanodomain states completely disappeared just above the Curie temperature, TC-T = 533 K, because a cubic 
phase always belongs to a domain-free state. A plausible explanation of these additional peaks is that the 
orientations of each domain is slightly different from each other. These nanodomain states can be converted 
to single domain state by applying the electric field. In order to do so, the 0.3 kV/cm electric field in [100]-
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direction was applied at 593 K and then the Brillouin spectra was collected in cooling process. 
 
 
   
 
  
 
 
 
 
 
 
 
 Interestingly, the additional peaks completely disappeared in the tetragonal phase and two transverse 
acoustic (TA) modes were prominent as shown in Fig. 2. Although, the applied electric field of 0.3 kV/cm 
may not be enough for inducing a complete single domain state, the tetragonal phase induced under the FC 
process would approach closer to a single domain state. In addition, we observed a very weak TA mode in 
the cubic phase. According to the selection rules, at the back scattering geometry, only the longitudinal 
acoustic (LA) mode can be probed in the cubic phase [19]. The weak TA mode in a cubic phase may indicate 
the existence of local lattice distortion which destroys the center of symmetry in cubic matrix. For 
quantitative analysis, the measured Brillouin spectra corresponding to LA and TA modes were fitted by a 
Lorentzian function convoluted by the Gaussian instrumental function. The sound velocity (VLA), elastic 
stiffness constants (Cij), and the attenuation coefficient (αLA) of the LA phonon mode were calculated by the 
following equations: 
    VLA=
λυB
2n
,   Cij=ρVLA/TA
2 ,   αLA=
πΓB
VLA
        (1) 
where λ and n are the wavelength of the laser light (532 nm at the present case) and the refractive index at 𝜆. 
J. H. Ko et al. [12] reported the refractive index of PMN-55PT single crystal is 2.61 at the wavelength of 
532 nm. The density (𝜌) was obtained from the extrapolated value of the density reported in ref. 20. The 
temperature dependences of the elastic constant C11 related to the frequency shift (𝜐𝐵) and sound attenuation 
related to the FWHM (ΓB) of LA phonon are plotted in Figs. 3 (a) and (b), respectively.  
 The C11 shows a clear deviation from its high-temperature linear dependence at about 673 K and is 
assigned as TB where the formation of dynamic PNRs begins. In Fig. 3 (b), on cooling, the αLA begins to 
increase at the intermediate temperature (T*) ~ 603 K. Similar results were also observed in other RFEs such 
as PMN-xPT single crystals with x = 33%-35% [21,22], and such results can be attributed to the marked 
increase of phonon scattering by the rapid growth of PNRs and assigned as T*. Recent report on the acoustic 
Fig. 1. A set of typical Brillouin spectra at 
some selected temperatures under ZFC 
process. 
Fig. 2. A set of typical Brillouin spectra at 
some selected temperatures under FC 
process. 
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emission detected by the ultrasonic transducer in the kilohertz range, demonstrates that T*~ 500 K is same 
for all Pb-based relaxor ferroelectric systems [23]. However, in the present study the Curie temperature is 
around 533 K. Based on the temperature evolution of the diffuse neutron and Raman scattering on PMN and 
PZN and PZN-xPT, Toulouse et al. [24] suggested the existence of T* between TB and TC-T. The one possible 
reason for that the Brillouin scattering technique probes the acoustic modes in the gigahertz range with a 
wavelength shorter that of the standard ultrasonic detection. Therefore, the temperature dependence of the 
local polarization fluctuations of PNRs can be detected with a high sensitivity by the broadband Brillouin 
scattering technique in the frequency range 1 to 1000 GHz [25]. It has also been found that T* is 
composition dependent (PZN: ~ 450 K, PZN-4.5PT: ~ 500 K, PZN-9PT: ~ 550 K) [26,27].  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 The anomalous changes in the acoustic properties in ferroelectrics and relaxors may be described by 
the Landau theory assuming the coupling between the order parameter and the strain in the free energy 
expansion [28]. Generally, the Landau expression for the free energy (F) in ferroelectrics can be consisted of 
two parts: the first part is the bilinear coupling between the order parameter and strain, and the second part 
corresponds to the quadratic coupling between the order parameter and strain. The effective elastic constant 
due to the change in polarization, driven by the change in strain is given by [29] 
     Cij=Cij
∞- ∑
∂
2
F
∂εi∂Pk
k,l (
∂
2
F
∂Pk∂Pl
)
-1
∂
2
F
∂xj∂Pl
       (2) 
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Fig. 3. The temperature dependence of (a) the elastic stiffness constant (C11) and (b) attenuation 
coefficient (𝛼𝐿𝐴) of the LA mode in PMN-56PT in ZFC. The solid lines in the inset figures are the 
best fit by Eqs. (4) and (5), respectively. 
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Since there is no macroscopic spontaneous polarization (〈P〉 = 0) due to the random orientations of PNRs in 
the relaxor phase of RFEs, we expect quadratic coupling between the order parameter and strain would 
dominant the coupling terms in the free energy below TB. The change in elastic constant for quadratic 
coupling can be written as [30] 
    ∆C=C-C∞=γ2〈P2〉χ          (3) 
where 〈P2〉  is the square of the local polarization,  γ  is the electrostrictive coefficient and  χ  is the 
susceptibility. The classical Landau theory for the second-order phase transition predicts only a steplike 
anomaly for C(T) at the phase transition temperature. In contrast, in RFEs, the local polarizations appear at 
TB and they gradually grow with decreasing temperature down to TC-T. Although the directions of these 
polarizations are random, their appearance contributes to the decrease of the elastic constant owing to the 
quadratic coupling (〈P2〉 ≠ 0). Upon cooling, this decrease would evolve continuously without any abrupt 
change until the polarization of PNRs is saturated. Therefore, a significant softening and a clear anomaly in 
both the VLA (related to C11) and αLA  of the LA mode corresponding to the cubic to tetragonal phase 
transition were observed at 533 K (TC-T) which is attributed to the coupling between the LA mode and the 
polarization fluctuation of PNRs. These characteristics have been observed in many relaxors and relaxor-
based systems, for example PZN-xPT systems [31]. 
 In Fig. 3 (a), the observed value of the elastic constant C11 shows a remarkable softening near the 
cubic to tetragonal phase transition temperature, TC-T. The details reason for the softening of C11 has been 
reported in ref. 13. For the quantitative analysis of the results, the C11 curve in the inset of Fig. 3 (a) was 
fitted in the temperature range from TC-T to TC-T+ 40 K with the following expression [32], 
    C11=A1+A2T-A3(T-T0)
-m
          (4) 
where the first two terms describe the anharmonic behavior and the third term describes the critical softening 
due to critical fluctuations. Here A1, A2, A3 and m were free parameters while only T0 was kept constant in 
the least-square fitting procedure. The value of T0 was determined from the fitting parameter of the 
temperature dependence of a sound velocity [33]. The local polarization of PNRs is still a matter under 
discussion. The value of the critical exponent m was earlier predicted to be 0.5 for three dimensional (3D) 
fluctuations, 1.0 for 2D fluctuations, and 1.5 for 1D polarization fluctuations [34]. The parameters obtained 
from the C11 fits are given in Table I. A fairly good agreement between the experimental data and fitting 
results was obtained with the exponent of 0.51, suggesting the 3D polarization fluctuations of PNRs in 
PMN-56PT. The result of 3D fluctuations of PNRs was also observed in the case of KTN crystal [34]. 
 
Table I. Parameters obtained from fitting C11 for PMN-56PT. Fitted values of the parameters A1, A2, A3, T0, 
and m from equ. (2). 
A1 (GPa) A2 (GPa) A3 (GPa) T0 (K) m 
202.5±39.6 0.056±0.017 328±74 507 0.51±0.11 
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 The significant increase of the sound attenuation is clearly observed near TC-T in PMN-56PT single 
crystals as shown in Fig. 3 (b). The sound attenuation is essentially a measure of the energy losses of sound 
waves in a condensed matter due to the internal process like scattering, elastic deformation, heat conduction 
etc. Therefore, the interaction of acoustic phonon modes with the polarization fluctuations and elastic 
deformation would result in a substantial loss of sound energy. In order to discuss the sound attenuation 
quantitatively, only the data was analyzed in the temperature range from TC-T to TC-T+40 K with the 
following power law which was given by Levanyuk et al. [35] in the case of order-disorder system: 
     αLA=α1(T-T0)
-p
          (5) 
The best fit of data is shown by the solid line in the inset of Fig. 3 (b) and the resulted fitting parameters are 
shown in Table II. The theoretical value of p = 1.5 was predicted for the order-disorder phase transition [35]. 
A good consistency between experimental data and theoretical results was obtained with the critical 
exponent 1.51 reflecting the order-disorder phase transition in PMN-56PT.  
 
Table II. Parameters obtained from fitting sound attenuation of a PMN-56 PT single crystal. 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
α1(×108)(cm-1) T0 (K) p 
1.06±0.18 507 1.51±0.04 
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 Figure 4 shows the Brillouin shift (υB) and FWHM (ΓB) measured on the FC process in comparison 
with that of the ZFC process. Under the 0.3 kV/cm along [100] direction, it is seen from Fig. 4 that the υB 
increases as well as ΓB decreases by a small amount. It demonstrates that the field along [100] direction can 
decrease the density of twin domain walls and static/dynamic PNRs, which is expected to reduce the 
scattering of acoustic phonons by the fluctuating twin domains, resulting in higher frequency and lower 
damping of acoustic waves. 
 
 
 
 
 
 
 
 
 
 
 
 
 In Fig. 5, the softening of TA shift, begins not at TB but at a much lower temperature of T*, which 
may be ascribed to the remarkable scattering of TA phonons by the static PNRs below T*. Therefore, it is 
concluded that the strength of the coupling between the LA mode and PNRs is quite different from that of 
TA mode and PNRs. The former is stronger at high temperatures near TB, while the TA phonons may couple 
to the PNRs strongly only in the vicinity of TC-T. The appearance of prominent TA modes is the clear 
indication of symmetry lowering from Pm3̅m to P4mm due to the appearance of macroscopic domain 
structure. However, in the tetragonal phase, we observed two TA modes which might be the coexistence of 
[100] and/or [001] domain structures.  
 Knowledge of elastic constants helps us to better understanding the role of electromechanical 
response of a material under applied stress and fields. For solids, the elastic constants are directly related to 
their thermodynamic and mechanical properties. To discuss our Brillouin scattering results, we have 
performed the first-principle calculations implemented in CASTEP code. The geometry optimization was 
carried out as a function of the normal stress by minimizing the total energy in two different phases of PMN-
56PT. The procedures lead to the successful optimization of the two different phases. Since we have used the 
experimental lattice constants and atomic coordinates at 298 and 623 K, in both the tetragonal and cubic 
phases, respectively, therefore we compare our theoretical results with these temperatures. The optimized 
lattice parameters and unit cell volumes are given in Table III. Elastic constant can be evaluated directly by 
first-principles methods. 
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Table III. The calculated lattice parameters (Å) and equilibrium cell volume (Å3) for PMN-56PT in both the 
tetragonal and cubic phases, respectively. 
Phases a (Å) c (Å) c/a V (Å3) Reference 
Tetragonal 
3.89 4.06 1.04 61.43 This work 
3.96 4.06 1.02 63.66 Ref. [18] 
Cubic 
4.01   64.48 This work 
4.03   65.45 Ref. [18] 
 
  It reflects the linear response of the lattice to small strain around the equilibrium. By applying a series 
of strain pattern on a crystal in equilibrium, a first-principles method gives the resulting stress and total 
energies. Fitting the stress-strain or total energy-strain curves according to their elastic relationships, yields 
the elastic constants of the crystal. In the case of a tetragonal phase, there are six independent elastic 
stiffness constants Cij i.e., C11, C12, C13, C33, C44, and C66. And in the case of a cubic phase, there are three 
independent elastic stiffness constants i.e. C11, C12, and C44. The tetragonal structure of PMN-56PT is 
mechanically stable, and it satisfies the Born-Huang stability criteria [36], 
(C11-C12) > 0, (C11+C33-2C13) > 0, 2[(C11+C12) +C33+4C13] > 0, C11 > 0, C33 > 0, C44 > 0, and C66 > 0. 
Also the high temperature cubic phase is mechanically stable and satisfies the well known Born stability 
criteria [37], 
C11 > 0, C44 > 0, and (C11+2C12) > 0. 
The independent elastic constants for two different phases in comparison with the present Brillouin 
scattering experiment are shown in Table IV. It is found that our calculated values of lattice parameters and 
elastic constants show good agreement with the observed one within experimental uncertainty. 
 
Table IV. Elastic stiffness constants Cij (GPa) obtained from Brillouin spectroscopy compared with DFT 
calculations for PMN-56PT at 298 K and 623 K in both the tetragonal and cubic phases, respectively. 
 
 
 
 
 
 
 
 
 
4.4 Conclusions 
 The remarkable softening of the sound velocity and the rapid increase of attenuation were clearly 
observed in the vicinity of the ferroelectric phase transition point, TC-T ~ 533 K, in relaxor ferroelectric 
PMN-56PT single crystals by micro-Brillouin scattering. This result suggests that the coupling of the 
Elastic constants 
Tetragonal phase Cubic phase 
 
DFT 
Brillouin 
scattering 
DFT 
Brillouin 
scattering 
C11 
C12 
C44 
C13 
C33 
C66 
227.8±3.4 
79.3±1.3 
51.8±5.7 
65.3±1.6 
106.9±13.2 
83.6±0.8 
229.6 198.9±1.7 
87.3±1.3 
73.4±1.2 
208.04 
86.79 
88.9 
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fluctuating PNRs to the acoustic phonons play a dominant role near the transition temperature. The order-
disorder nature of the ferroelectric phase transition was clearly observed and discussed by the theoretical 
model by Levanyuk et al. The switching from a nanodomain to nearly single domain ferroelectric states was 
clearly observed under the application of the electric field along [100]-direction. The application of the 
electric field causes the increase of υB and decrease of ΓB because of the reduced density of twin domain 
walls and static/dynamic PNRs. We also calculated the elastic stiffness constants for PMN-56PT by first 
principle methods and our calculated values are in good agreement with the observed values by Brillouin 
scattering.  
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Chapter 5 
Inelastic Light Scattering Studies on Relaxor Ferroelectric 
0.83Pb(Mg1/3Nb2/3)O3-0.17PbTiO3 Single Crystals with Intermediate Random 
Fields 
5.1 Introduction 
 One of the most interesting class of disordered materials in condensed matter physics undergoing 
structural phase transition is the relaxor ferroelectrics (RFEs) which exhibits ferroeletriclike properties with 
diffuse phase transitions [1-4]. The main feature of RFEs is the compositional disorder, i.e., the disorder in the 
arrangement of different ions at a crystallographic equivalent site. Due to this disorder arrangements, the 
normal ferroelectric phase transition is destructed and new physical properties appears similar to those of 
disordered magnets such as spin glasses. Among the RFEs, (1-x)PbMg1/3Nb2/3O3-xPbTiO3 (PMN-xPT) are 
being extensively studied due to their excellent electromechanical properties. Differences in the atomic radii 
and valences of the two B-site cations can lead to the formation of the chemically order nanosized regions 
(CORs) with a Fm3̅m symmetry dispersed in a disordered matrix with an average Pm3̅m symmetry [5-7]. Due 
to this different valence states, these short-range CORs induce the charge disorder and thus become the source 
of quenched random fields in RFEs. The temperature independent CORs with the superlattice structure (Fm3̅m 
(Z=2)) due to the chemical 1:1 ordering was reported in PMN [8].  In the high temperature limit, the crystal 
always belongs to a uniform cubic structure with Pm3̅m symmetry. Lowering the temperature, the 
distinguishability appears between Mg2+ and Nb5+ sites which leads to the formation of CORs with a face 
centered Fm3̅m superstructure. Relaxor materials are generally specified by a characteristic temperature, called 
Burns temperature, TB. At this temperature, the local polar nanoregions (PNRs) appear, although the average 
macroscopic symmetry remains unchanged. The coupling between the random fields (RFs) and ferroelectric 
degrees of freedom such as a soft lattice mode was suggested to generate the PNRs at high temperatures 
characterized by local displacements of cations [9]. These displacements are responsible for the deviation of 
the dielectric constant from the Curie-Weiss law [10] and also it causes a nonlinearity in the temperature 
dependence of optical refractive index [11].  It was pointed out that the PNRs play a crucial role in the dielectric 
behavior of relaxors [12,13]. Further, it is established that the PNRs gradually disappear with increasing 
temperature above the diffuse phase transition point [14-16]. A proper investigation of these two types of 
clusters is important for clarifying the diffuse phase transition in RFEs. In spite of many theoretical and 
experimental efforts on relaxors including the dipolar glass model [17], the random-field model [13], and the 
recent spherical random-bond-random-field model [18], the exact behavior of PNRs and their relation with 
CORs as one of the central problems of RFEs. The local symmetry of PNR was reported as R3m on the basis 
of neutron pair distribution function (PDF) analysis [19]. 
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 Several research groups have already measured and reported the Raman spectra of PMN-xPT with 
different percent of Ti concentrations [20-30]. It is worth noting that the site disorder, the presence of CORs 
and PNRs in a paraelectric cubic phase, where the Raman active modes are forbidden according to the selection 
rules, have caused major difficulties to assign the Raman modes. To identify the physical origin of the first 
order Raman modes in a paraelectric cubic phase, the angular dependence of Raman scattering combined with 
Raman tensor analysis can be a very powerful technique, because it measures the scattering intensity with 
respect to the polarization direction of an incident light. Recently, the local symmetry of some Raman modes 
in a paraelectric cubic phase related to PNRs and CORs were identified by the angular dependence of Raman 
scattering in PMN [8] single crystals. The angular dependences of Raman spectra of PT and PMN-33PT were 
also measured in the tetragonal phase to identify the symmetry of the modes [31,32]. However, so far, the 
physical origin of the Raman active modes in a paraelectric cubic phase of PMN-17PT is not reported yet.  
All the previous results on PMN-xPT strongly suggest that the PNRs and CORs are mainly responsible for 
their outstanding physical properties. However, despite of many theoretical and experimental results, PMN-
xPT requires additional studies since the physical properties of both PNRs and CORs are still remain unclear. 
The relaxation time of polarization fluctuations of PNRs, which manifest themselves as central peaks (CPs) 
in a low-frequency inelastic light scattering spectrum (ILS), is an important physical quantity to understand 
their dynamics. In this respect, Brillouin scattering (one of ILS) can be a very powerful tool because it is very 
sensitive to local inhomogeneities among the few techniques that can be used to directly probe the local 
structure. The temperature dependence of relaxation times of PNRs can provide the important information for 
the understanding of their dynamics. Previous Brillioun scattering results on PMN-17PT mainly focused on 
the acoustic properties [33]. However, there is no experimental report on the analysis of the polarized and 
depolarized CPs. 
 In view of the above circumstances, in the present study, the temperature and angular dependence of 
Raman scattering have been performed to investigate the local phenomena in PMN-17PT single crystals. In 
addition, the slowing down mechanism of PNRs towards the Curie temperature has been studied by the 
Brillioun scattering.  
 
5.2 Experimental 
5.2.1 Temperature and Angular Dependences of Raman Scattering 
 Single crystals of PMN-17PT were grown by using the modified Bridgman method at the Shanghai 
Institute of Ceramics. A rectangular slab sample with the dimension of 5mm × 5mm × 1.5 mm was cut into 
(100)-oriented platelets, which were polished to optical quality. The sample was put inside the temperature 
controlled stage (Linkam) with a stability of ±0.1 K on the xyz mapping stage (Tokyo Instruments) installed 
in the microscope (Olympus). A diode-pumped solid-state laser (Coherent) with a wavelength of 532 nm and 
a power of 150 mW traveled to the sample through a polarization rotation device (Sigma Koki) equipped with 
a broadband half-waveplate (Kogakugiken). Corresponding to the rotation of the half-waveplate by θ/2 with 
respect to the optical axis, the plane of polarization of incidence is rotated by θ degree. Moreover, the 
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polarization direction of scattering light, propagating in opposite direction of incident light, is rotated by - θ 
degree. The strong elastic scattering is eliminated by two volume Bragg gratings so called "ultra narrow-band 
notch filters" (Opti Grate). The inelastic scattering light was dispersed by a single-monochromator (Lucir) and 
the dispersed component was detected by using a charge coupled device (CCD, Andor). In the present study, 
a back scattering geometry was used [34] and the polarizer was set to be polarized x(zz)?̅? (VV) and depolarized 
x(yz)?̅? (VH) scattering geometries, respectively. 
 
5.2.2  Temperature and Field Dependences of Brillouin Scattering 
 Light scattering was measured by a micro-Brillouin scattering system with a 3 + 3 pass Sandercock-
type tandem Fabry-Perot interferometer (FPI) with a free spectral range (FSR) ±75 GHz and ±300 GHz, 
respectively. The exciting light source was a single frequency operation diode pump solid state laser with a 
wavelength of 532 nm and a power of about 100 mW. For measuring the CPs, each polarization of the scattered 
light, VH and VV, was measured separately by placing a circular polarizer in front of the entrance slit. The 
temperature of a sample was controlled by using a heating/cooling stage (THMS600, Linkam) with a stability 
of ±0.1 K. The two (100) faces of the sample were coated with the silver paste for electric field application 
along [100]-direction. Before applying field, the sample was heated up to 673 K and kept at 1 hour to erase 
any kind of memory effect. 
 
5.3 Results and Discussion 
5.3.1 Temperature and Angular Dependences of Raman scattering  
Figure 1 shows the Raman spectra of PMN-17PT single crystals measured at some selected 
temperatures. The clear change in these spectra are associated with the change of phase from cubic to 
rhombohedral at around 348 K. It is worth noting that a precise determination of the quantitative changes in 
the spectra versus temperature is only possible after calculations. Therefore, in order to quantitative analysis, 
we have fitted all the spectra by damped harmonic  
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oscillation (DHO) model [35] to determine the intensity, frequency, and damping of each Raman mode. 
According to the DHO model, the intensity of the Raman spectrum can be written in the following form 
I(ω) =
2A
π
∆ω
4ω2+∆ω2
+(n(ω,T)+1) ∑
AjΓjωj
2ω
(ωj
2-ω2)
2
+ω2Γj
2j
      (1) 
here A and ∆ω are the intensity and width of CP, respectively. 𝑛(𝜔, 𝑇) is the Bose-Einstein population factor. 
Aj, Γj, and ωj are the intensity factor, damping constant and the mode frequency, respectively, of the jth optical 
phonon mode. The light scattering intensity of phonon modes is proportional to the response of the sum of 
DHO multiplied by n(ω,T) [36-38]. On the other hand, a CP is considered as a relaxation process, therefore, 
the light scattering intensity of relaxation processes is proportional to the sum of a Debye response multiplied 
by n(ω,T), and is approximated by the sum of a Lorentzian function. Here we have mainly focused on the two 
characteristic modes denoted by A and B because these two modes show significant changes in both the 
angular and temperature dependences.    
The temperature dependences of Raman line frequency and damping of the mode denoted by B is shown in 
Fig. 2. It is seen that both the frequency shift and damping show significant changes when the temperature 
approaches at about 348 K. This evidence points to a cubic-rhombohedral phase transition at TC ~ 348 K for 
PMN-17PT. To clarify the physical origin of the mode denoted by B and A, we measured and analyze the 
angular dependences of Raman spectra in a paraelectric cubic phase at 423 K as shown in Fig. 3.  
  
  
 
 
 
 
 
 
At first we analyze the strong A mode similar to that of pure PMN [8] and we assumed the calculations for 
Fm3̅m (Oh) symmetry which was proposed for COR [8]. In this symmetry, the Raman tensors for the Raman 
active modes are given below: 
            A1g= [
a 0 0
0 a 0
0 0 a
],              Eg= [
b 0 0
0 b 0
0 0 b
],            F2g= [
0 d d
d 0 d
d d 0
] 
The angular dependences are calculated by the following expression 
     R̅
-1
.(A̅1g or E̅g or F̅2g). R̅       (2) 
Fig. 3. Contour color map of the angular dependences of Raman spectra in (a) VH and (b) VV scattering 
geometries at 573 K, respectively. 
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where R̅ is the rotation matrix along the [100] axis and it is given by 
R⃗  = [
1 0 0
0 cosθ -sinθ
0 sinθ cosθ
] 
here θ is the rotation angle of the experimental coordinates. The calculated Raman intensities do not shows 
any angular dependences in the case of A1g and Eg modes. However, for the F2g mode of CORs, we obtained 
the following equations of the intensity of the zz (VV) and yz (VH) components  
     IF2g
yz
∝ d2 cos2 2θ        (3) 
     IF2g
zz ∝ d2 sin2 2θ        (4) 
The change of the intensity of the mode denoted by A which was obtained by fitting with Eq. (1), in both the 
VH and VV scattering geometries are plotted in Figs. 4 (a) and (b), respectively. The solid lines represent the 
fitted curve by Eqs. (3) and (4), respectively. The fitted curves reproduce the intensity variations rather well, 
implying that the strong mode at around 50 cm-1 may arises from the COR of  Fm3̅m in PMN-17PT. This 
result is also consistent with the Raman scattering [8] and first principles results for pure PMN [39], which 
confirmed that the F2g mode in the Fm3̅m symmetry is located near 50 cm-1. 
Now we would like to clarify the origin of the mode denoted by B, because this mode shows different angular 
variations in comparison with the mode A. Since from the temperature dependent behavior we observed that 
this mode may stem from the PNRs which appears at TB. Therefore, we  
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performed the Raman tensor calculations with the rhombohedral R3m (C3V) symmetry. The R3m symmetry 
has three Raman active modes, A1(z), E(y) and E(-x) with the following Raman tensors:  
                          A1(z) = [
a 0 0
0 a 0
0 0 b
],              E(y) = [
c 0 0
0 -c d
0 d 0
],            𝐸(−𝑥) = [
0 -c -d
-c 0 0
-d 0 0
] 
The angular dependences are calculated by the following expression 
     R⃗ 
-1
.C⃗⃗ 
-1
.(A1(z)or E(x) or E(y)).C⃗⃗ .R⃗      (5) 
The angular dependences of Raman spectra in cubic coordinates were calculated in multidomain state, where 
the contributions of all domains were summed up equally. Since the rhombohedral coordinates differ from the 
experimental ones used for polarization rotation, the Raman tensor for the R3m symmetry in rhombohedral 
coordinates must be modified according to the experimental coordinates, which are equivalent to cubic 
coordinates. C⃗⃗  in Eq. (5) is the transformation matrix for the corresponding Raman tensor modification. The 
angular dependences of the observed Raman intensity of the mode B in the VH and VV scattering geometries 
are shown in Figs. 5 (a) and (b), respectively. Since the angular variations of the mode B is similar to those 
observed in pure PMN with the E(x,y) symmetry, therefore, we also considered the E(x,y) symmetry of PNRs. 
For the E(x,y) symmetry of PNRs, one can obtain the following equations of the intensity for the zz (VV) and 
yz (VH) components after the transformation of the Raman tensor component using the Eq. (5) 
IE(x,y)
zz ∝
8
3
sin2 θ [2|d|2+|c|2+3|c|2 cos2 θ]+
8
9
[(5|c|2+16|d|2) cos4 θ -2(|c|2+5|d|2) cos2 θ +|c|2+2|d|2]       (6)  
IE(x,y)
yz
∝
2
3
[3|c|2 cos2 2θ +|c|2+2|d|2]+
2
9
[(5|c|2+16|d|2) sin2 2θ +4|c|2+2|d|2]                (7)  
The change in the intensity variations of the mode B observed in both the VH and VV scattering geometries 
is well fitted by the Eqs. (6) and (7) as shown in Figs. 4 (a) and (b), respectively by the solid lines. This result 
indicates a good agreement between theory and experiment, implying that the mode B can be assigned to the 
E(x,y) symmetry of PNRs with a rhombohedral R3m symmetry. 
5.3.2 Temperature and Field Dependences of Brillouin Scattering 
 Figure 6 represents the Brillioun spectra at some selected electric fields at 303 K. At zero electric field, 
the Brillouin spectrum consists of a longitudinal acoustic mode (LA) mode. Further, a CP centered at zero 
frequency is also observed, which can be attributed to the relaxation dynamics of PNRs [40]. It is also worthy 
to note that at zero electric field there is no transverse acoustic (TA) mode which reflects the rhombohedral 
symmetry of PMN-17PT. In order to obtain the mode frequency (υB) and the full width half maxima (ΓB) of 
the LA phonon, all the spectra were fitted with the Voigt function, which was approximated by a Lorentzian 
function. The detailed temperature and field dependence of Brillouin scattering results of PMN-17PT single 
crystals were already reported by Kim et al. [33]. 
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 Therefore, in this study we apply the electric field at room temperature. By applying electric field along 
the [100] direction, interestingly, the LA begins to split at 1.6 kV/cm and exist up to 3.2 kV/cm. The fitting 
results of LA shift is shown in Fig. 7. The splitting of LA mode indicates that the crystals consists of two 
states. One state is the ferroelectric macrodomain with the high frequency LA mode and the other is the 
nanodomain state due to the pinning of domain walls by the random fields where the low frequency LA mode 
was observed. At a sufficiently higher electric filed the suppression of pinning occurs and the crystals 
transform to its single domain state. The coexistence of macro and nano domain stated was also observed in 
the case of PMN-30PT single crystals [41]. However just above 3.2 kV/cm, an additional TA mode appears 
and two LA modes merge into single LA mode which reflect the field induced phase transition from 
rhombohedral to tetragonal phase. In order to observe the relaxation dynamics of PNRs, we have also 
measured the temperature dependence of broad depolarized (VH) and polarized (VV) central peaks (CPs) by 
Brillouin scattering. The intensity of the CPs which were obtained by fitting with Voigt function is shown in 
Fig. 8.   
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At higher temperature above the Burns temperature, (TB ~ 600 K), the VV-CP intensity is stronger than the 
VH-CP. This result indicates that, at high temperature range, where the correlations among the PNRs is weak, 
rapid 180o reorientations of the off-center ions causes the dominance of the VV component of CP over the VH 
component due to the symmetry consideration. In addition, on cooling, the correlations among the PNRs 
become stronger, therefore their motion will be more restricted in fewer orientations, gradually losing the 
symmetric 180o-reorientations. As a result, below the intermediate temperature, (T*~ 490 K), the intensity of 
the VV-CP decreases and VH-CP increases. On the other hand, below T* the significant decrease of FWHM 
in both the component pointing out the slowing down of the relaxations; simultaneous appearance of the 
diffuse neutron scattering [42] allows us to associate T* with the nucleation of the permanent PNRs. A sudden 
change of the intensity in the VH-CP at TC-T indicates a structural phase transition from cubic to rhombohedral 
symmetry. 
In order to describe the dynamics of the CPs, the relaxation time of polarization fluctuations of PNRs has been 
calculated assuming the Debye-relaxation process as  
     π∙(FWHM of CP) × τCP = 1       (8)  
where τCP is the relaxation time of the CP. The temperature dependence of 1/τCP in the case of VH scattering 
is shown Fig. 9. It is noticeable that upon cooling from the high temperatures, the 1/τCP decreases markedly 
between T* and TC-T. To analyze the slowing down of relaxation time quantitatively, the error-weighted fitting 
to the temperature dependence of 1/τCP was done by the following equation [43] 
1
τCP
=
1
τ0
+
(T-TC-T)
β
∆'
,        for T>TC-T           (9) 
where β is the stretched index denote the diffuseness of the anomalies in its temperature dependences, τ0 is the 
relaxation time at TC-T, and Δ׳ is constant. This equation may be considered as a convenient approach for 
describing the diffuse slowing down process giving rise to the formation of CP. It is reported that in case of β 
= 1, the above equation gives the normal critical slowing down without random fields. However, when the 
value of β > 1, then the slowing down of relaxation time is stretched or suppressed by the presence of the 
strength of the random fields. The solid in Fig. 10 shows the best fitted line by equ. (9). The of β = 1.99 gives 
the well reproduction of the fitting which indicates the stretched critical slowing down due to the strong 
random fields.  
5.4 Conclusions 
  The ferroelectric phase transition and the origin of the first order Raman modes in a paraelectric cubic 
phase of PMN-17PT single crystals were investigated by Raman scattering. From our analysis, it is shown 
that the presence of CORs and PNRs with Fm3̅m and R3m symmetry, respectively, in a cubic phase are 
responsible for the high temperature Raman spectrum. Under the sufficient electric field, the LA mode splitting 
was observed due to the mixed state of macro- and nano- domains caused by the random fields. The electric 
field induced rhombohedral to tetragonal phase transition was determined from the appearance of the TA mode 
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in Brillouin scattering. The relaxation time of CP exhibits stretched critical slowing down towards the cubic 
to rhombohedral phase transition suggesting the order-disorder nature of the phase transition.  
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Chapter 6 
Softening of Infrared-Active Mode of Perovskite BaZrO3 Proved by Terahertz 
Time-Domain Spectroscopy 
 
6.1  Incipient Ferroelectric BaZrO3 
 Materials with a general formula ABO3 with perovskite structure are widely used in various 
technological applications due to their outstanding physical properties such as solid oxide fuel cells, steam 
electrolysis, multiferroics, and catalysts [1-3]. In perovskite ferroelectric materials, there has been a great 
deal of interest and challenge to understand the behaviors of the dielectric properties, especially, exploring 
the relationship between the infrared-active phonon responses and the dielectric properties [4-6]. According 
to the Raman selection rules, the perovskite oxides with a cubic structure have a center of symmetry and all 
the infrared (IR)-active modes are Raman inactive. Therefore, IR spectroscopy is one of the most powerful 
tool to investigate the soft mode dynamics in a paraelectric cubic phase. Although, in ferroelectrics, the low-
frequency IR-active phonon modes play a significant role in the dielectric properties, so far the experimental 
study in the far-IR region is not sufficient. 
 Recently, new interest has arisen in barium zirconate (BaZrO3, BZO), one of the members of 
perovskite family with cubic structure, due to its fascinating properties as a high-temperature proton 
conductor [7], a dielectric material for use in wireless communications applications [8], and as a substrate 
for thin-film growth [9]. It is also widely used as a material for microwave ceramic capacitors and for inert 
crucibles used for growth of single crystals of high-temperature superconductors. Moreover, due to its large 
lattice constant, high melting point, low thermal expansion coefficient, low dielectric loss and low thermal 
conductivity, BZO has become very interesting and popular materials not only for fundamental research, but 
also for device applications. It should also be noted that BZO is one of the two parent compounds of the (Pb-
free and thus environment friendly) Ba(Zr,Ti)O3 solid solutions, which is very attractive materials for 
manufacturing high quality devices with a variety of applications in microwave industry [10]. Recently, 
several theoretical and experimental investigations have been performed to explore the structural instability 
of cubic BZO [11-14]. Experimental results suggest that unlike most perovskite systems, BZO does not 
undergo any structural phase transition and thus remains its cubic symmetry down to 2 K [14]. However, the 
first principles calculations for BZO reveals an unstable R25 mode in the phonon spectra indicates an 
instability of the cubic structure with respect to the rotation of the oxygen octahedra [12]. 
 Terahertz time-domain spectroscopy (THz-TDS) has emerged as a main spectroscopic modality to fill 
the frequency range between a few hundred gigahertz to a few THz. THz-TDS records a time-domain 
waveforms of the electric field of the THz electromagnetic wave. In recent years, the development in the 
technology of the generation and detection of THz radiation have initiated a lot of attention for various 
applications such as THz imaging systems as well as the characterization of various materials in the THz 
frequency spectrum by THz-TDS) [15]. Since the THz frequencies reside in between the far-IR and 
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electronic part of an electromagnetic spectrum, the principle of devices at THz frequencies is thus a mixture 
of the photonic and electronic devices. Therefore, to understand the basic properties of the various materials 
at THz frequencies especially in the single crystals is the major issue for the development of the future THz 
devices. Current THz-TDS measurements on quantum paraelectrics KTaO3 (KTO) and SrTiO3 (STO) 
revealed that the dielectric properties of these materials are closely related with the low-frequency IR-active 
soft transverse optic (TO) phonon modes [16,17]. It should be mentioned that although the properties of 
BZO have been measured since it’s discovery, but there is no report on the low-frequency IR-active phonons 
and its relation with the dielectric properties especially at low temperature. Therefore, the study of the 
temperature dependence to explore whether the low-frequency IR-active modes appear in BZO is important 
and also necessary.    
As it is well known that in a dielectric crystals, the lattice vibrations (polar transverse optical phonons) 
couple strongly with the electromagnetic waves (photons), and the mixed excitation state of photon and 
phonon is called as a phonon-polariton, resulting in the dielectric abnormality, IR absorption etc [18-20]. 
The phonon-polariton dispersion relation was first observed in Gallium phosphide, GaP, crystal [21]. 
Recently, extensive theoretical and experimental research have been carried out in many crystals [22-24]. 
Since the ferroelectric soft modes are IR-active and propagate as polaritons, therefore, the polariton 
dispersion in the far-IR gives very significant information for both technical and fundamental problems in 
ferroelectrics. To determine the polariton dispersion of a ferroelectric soft mode, THz-TDS was found as a 
very powerful tool [22]. Therefore, it is necessary to study the THz dynamics for the characterization of 
ferroelectric materials.  
In view of the above circumstances, in this study, we report the dielectric response of a BZO single 
crystal in the frequency range from 0.2 THz to 3 THz using THz-TDS over a wide temperature range from 8 
K to 300 K. Upon cooling, we found a clear softening of the lowest-frequency IR-active TO phonon mode 
near 2 THz. In addition, the complex dispersion relation of phonon-polariton has been investigated by using 
THz-TDS. Raman scattering spectra have been measured to confirm the symmetry lowering effect in BZO 
single crystals. 
6.2  Terahertz Time-Domain and Raman Spectroscopy 
 The (001)-oriented BZO crystal plate with the dimensions of 3 × 3 mm2 and thickness of 0.567 mm 
(Crystal Base Co. Ltd.) was used after polishing its surfaces to optical quality. The low frequency THz 
transmission spectra were measured using the THz-TDS system (Tochigi Nikon, RT-10000) in which the 
low temperature-grown GaAs photoconductive antennas were used for both the emitter and detector. These 
antennas were triggered by a mode-locked Ti:sapphire laser with a wavelength of 780 nm, a pulse width less 
than 100 fs, and a repetition rate of 80 MHz [25,26]. In order to increase the S/N, the experimental data were 
the average of forty individual measurements. 
 The polarized (VV) and depolarized (VH) Raman scattering spectra at 300 K were measured in the 
frequency range 20-1000 cm-1. The spectra were excited with the 532 nm line of an Ar laser and recorded in 
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the backward scattering geometry [27] using a double monochromator (Horiba-JY, U-1000) with the 
additive dispersion.    
 
6.3  Temperature Dependent of Infrared-Active Modes 
 The time-domain electric fields of a THz wave passing through a BZO sample as well as through the 
air reference at 8 K are shown in Fig. 1. The THz waveform was attenuated during passing through a BZO 
sample and therefore, it was delayed. The complex dielectric constant 𝜀̂ = 𝜀′ + 𝑖𝜀′′ was determined from the 
measured time-domain waveforms by using the following formula: 
                                            
Esam(ω)
Eref(ω)
=
4n̂
(n̂+1)
2 exp {i
(n̂-1)
𝑐
ωd}                                 (1) 
where n̂ = n'+i.n'' is the complex refractive index, Eref (𝜔) and Esam (𝜔) are the complex amplitude 
spectra of a THz pulse transmitted through a reference and a sample, respectively, and, c and d are the light 
velocity and sample thickness, respectively. After that the complex dielectric constant has been calculated 
from the relation of ε ̂= n̂2. Figure 2 represents the transmission power spectra of a BZO single crystal and a 
reference (in the present case air) converted from time-domain waveforms at 8 K, where a clear absorption 
mode near 2 THz is observed.  
 
  
 
 
 
 
 
 
 
 
 
  
 
  
 In order to increase the S/N, the experimental data are averaged on forty individual measurements. 
According to the comparison of our THz-TDS data with those published in BZO ceramics by Nuzhnyy et al. 
[28], we clearly observed an additional low-frequency new mode near 2 THz. The same mode was also 
observed in the powder sample of BZO with perovskite structure which was bought from Furuuchi Chemical 
Co. Ltd. by THz-TDS. In ref. 28, to fit the IR reflectivity spectra, the authors used the nine oscillators model 
and it was stated that not all of the oscillators have a clear meaning. However, the appearance of a clear new 
mode near 2 THz in our measurements and an additional clear mode near 9 THz in the BZO ceramics [28] 
0 2 4 6 8
10
-13
10
-11
10
-9
10
-7
10
-5
10
-3
 
 
|E
(
)|
2
 (
ar
b
. 
u
n
it
)
Frequency (THz)
 Reference
 BaZrO
3
 at 8 K
Fig. 2. The power spectra of a reference and a 
BaZrO3 crystal converted from time-domain 
waveforms at 8 K. 
0 10 20 30 40
d = 0.559 mm
 
 
E
 (
t)
 (
a r
b
. 
u
n
it
)
Time delay (ps)
 Reference
 BaZrO
3
 at 8 K
Fig. 1. Time-domain waveforms of the 
reference (solid black line) and BZO 
sample (solid red line) at 8 K. 
 
90 
 
suggested that the BZO crystal has a lower symmetry than Pm3̅m (Z=1). The most possible reason for the 
lowering of symmetry is that the ionic radius of a Zr ion (in BZO) is larger than that of the Ti ion (in 
BaTiO3). Therefore, when the Ti ions replaced by the Zr ions, the instability may appear at the R-points [11] 
in the phonon spectra, and the cubic lattice is slightly distorted thus causing the change from cubic Pm3̅m to 
triclinic P1̅ (Z=8). The P1̅ symmetry of BZO has also been reported by Bennett et al. [11]. As a results the 
number of atoms in the unit cell of triclinic P1̅ (Z=8) symmetry will increase from 5 to 40, the number of 
normal optical phonon modes will also increase from 12 to 117. Therefore, the observation of additional 
lattice modes is reasonable in BZO. The lowest-frequency normal mode of the P1̅ symmetry then appears 
near 2 THz. Figures 3 shows temperature and frequency dependence of the real (𝜀′) and imaginary (𝜀′′) parts 
of the dielectric constants in the THz-TDS transmission spectra extracted from the time-domain waveforms 
over the range from 0.2 to 3 THz. It is seen that the lowest-frequency mode shows significant softening with 
temperature.  
 
 
 
 
 
 
 
 
 
 
 
 
In order to determine the mode frequency from the observed lowest TO1 mode, the spectra was fitted by 
using the following damped harmonic oscillator (DHO) model: 
                                           ε(ω)=ε(∞)+ ∑
∆εjωj
2
ωj
2-ω2-iωΓj
j            (2) 
where 𝜀(∞) is the high frequency dielectric constant, and 𝜔𝑗, ∆𝜀𝑗, and Γ𝑗 are the mode frequency, dielectric 
strength and damping constant of each oscillator mode, respectively. Here we assumed two modes for the 
fitting. Since the mode intensity was very strong at lowest temperature, therefore, at first we had fitted the 
spectra at 8 K, then the obtained parameters were taken as initial parameters for the fitting next higher 
temperature spectra. The solid lines in Figs. 4(a) and (b) represent the best fitted curves by Eq. (2) which 
show a good agreement between theory and experiment. This agreement indicates that the low-frequency 
THz response of BZO is mainly dominated by the TO1 and TO2 soft phonon modes. The parameters were 
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determined with a good accuracy by fitting the real and imaginary parts of the dielectric constants 
simultaneously and the obtained fitting parameters at 8 K are listed in Table I.  
Table I.  Values of fitting parameters of Eq. (1) for BaZrO3 at 8 K. 
𝜀(∞) 𝜔1(THz) 𝜔2 (THz) ∆𝜀1 ∆𝜀2 Γ1 (THz) Γ2 (THz) 
10 1.94 3.82 0.26 32.27 0.18 0.026 
The TO2 phonon mode frequency was obtained at 3.76 THz which is in agreement with recent first-
principles calculations [29] and reflectivity measurements [28]. Moreover, the loss function, Im(1/ 𝜀), was 
also determined from the experimental complex dielectric constant and in Fig. 4 (b), the obtained results are 
shown by open circles along with the calculated one (solid line) by a DHO model. Figure. 4 (b) demonstrates 
that almost there is no LO (longitudinal optic)-TO splitting occurs at about 1.92 THz. On the other hand, the 
LO2 mode appears near 6.68 THz.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 In general, the THz absorption in a crystal is ascribed to the interactions of the THz fields with the IR-
active lattice vibrations. The optical phonon modes of the Brillouin zone center related with the first-order 
dipole moment give rise to an intrinsic absorption owing to lattice vibrations. Normally, in BZO, the 
phonons are the triply degenerate T1u modes, and the dielectric response is predominantly attributed to the 
contribution of the TO1 and the four phonon modes observed in ref. 28. We speculate that the unstable 
acoustic phonon near the R-point of the Brillouin zone shows the phonon folding effect into the Γ-point in a 
distorted cubic structure which corresponds to the lowest-frequency TO1 mode. Therefore, the origin of the 
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lowest-frequency TO1 mode at about 2 THz is not the Last mode near 3.7 THz [28], but the staggered 
oxygen octahedral tilts which have a significant effect on the Last mode [11]. Now, the TO1 mode couples 
to the soft TO2 mode with the same symmetry and shows significant softening together towards T0. Figure 5 
shows the temperature dependences of the TO1 mode frequency obtained from the fitting by Eq. (2). Upon 
cooling, a remarkable softening of the TO1 mode frequency is clearly observed. According to the theory by 
Cochran, the soft mode frequency varies with the temperature as  
                                                   𝜔 (𝑇) = √𝐴(𝑇 − 𝑇0)         (3) 
 
 
 
 
 
 
 
 
where T0 is the extrapolated critical temperature and A is a constant. Above 20 K, the soft mode frequency in 
Fig. 5 was well fitted by the cyan dashed line given by Eq. (3). The parameters of this fit are A = 
(5.29±0.2)×10-3 THz2K-1 and T0 = (-681±12) K. At low temperatures quantum fluctuations prevent the 
phonon softening and therefore, the fitting line deviates from the experimental soft mode frequency below 
20 K. In this case, assuming quantum fluctuations, it is convenient to apply the Barrett formula [30]                                                                                                                                                   
                                                        ω(T)=√A [Ts coth (
Ts
T
) -T01]        (4) 
where Ts represents the temperature below which quantum fluctuations become significant and T01 has the 
same meaning as T0 in the Cochran law. Our fit in Fig. 5 with Eq. (4) by the solid red line gives the 
following parameters: A = (5.38±0.1)×10-3 THz2K-1, Ts = (40±5) K, and so-called the classical Curie 
temperature, T01 = (-660±15) K. It is noted that the transition temperatures in both cases have the same value 
within experimental error and in our case it is negative. Therefore one could expect that BZO behaves as an 
incipient ferroelectric similar to the previously observed incipient ferroelectric CaTiO3 (CTO) [31]. It is well 
known that in quantum paraelectrics, the zero-point quantum fluctuations restricts them from going into a 
ferroelectric phase. As a result, the softening of the low-frequency IR-active modes are suppressed by the 
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quantum fluctuations, and the deviation from Eq. (3) occurs at very low temperatures. In both cases, the 
large negative value of the extrapolated Curie temperature suggests that the structural stability of the 
paraelectric phase in BZO is higher than that of the quantum paraelectrics STO [32] and KTO [33].  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6 (a) shows the temperature dependence of 𝜀′ at 0.5 THz. It is seen that upon cooling from 300 to 
8 K, 𝜀′  increases continuously, attaining the value of 𝜀′  ≈ 43 at 8 K which is slightly lower than that 
previously reported for a ceramic sample [14]. It is also noticeable that 𝜀′ demonstrates an overall saturation 
to a plateau below ≈ 20 K. In the case of incipient/quantum ferroelectric materials, the dielectric constant 
retains high and approximately constant for T→0 K [32] due to the fact that quantum fluctuations stabilize 
the paraelectric phase. However, if it is antiferroelectrics, then the dielectric constants behaves well 
according to the Curie-Weiss law. Previous study on the STO [32] and KTO [33] quantum ferroelectrics 
already revealed the existence of such a plateau, and it was thought to be associated with the zero point 
vibration. In order to analyze the temperature dependence of the dielectric constant of quantum paraelectrics 
quantitatively, Barrett extended Slater’s mean-field theory by including the quantum phenomena [34]. 
Therefore, the temperature dependence of the real part of the dielectric constant in Fig. 6(a) has been fitted 
by using Barrett’s relation [34]:   
Fig. 6. (a) Temperature dependence of the real part ’ of complex dielectric constants at 0.5 THz for 
BaZrO3. The green solid line represents the fitted line by Eq. (5).  
 (b) Temperature dependence of TO2 mode frequency (half-filled circles) obtained from ’ at 0.5 THz 
and LST relation (see text for details). The red dash and green solid lines represent the fitted lines 
with Eqs. 3 and 4, respectively. The blue diamond represents the soft mode frequency extracted from 
Nuzhnyy et al. [28]. 
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                                                   ε'(T)=B+
C
Ts coth(
Ts
T
)-T01
         (5)  
where B is a constant and temperature independent. Ts and C can be recognized as the saturation temperature 
and Curie constant, respectively [33,34].  From Fig. 6(a), it is seen that the fitting data are in good agreement 
with the experimental data, and we obtained C = (1.34±0.01)×104 K, T01 = (-672±13) K, Ts = (85±3.3) K, 
and B = (26±0.2). In order to evaluate the TO2 mode frequency from the experimental 𝜀′ at 0.5 THz, plotted 
in Fig. 6(a), Laddane-Sachs-Teller (LST) relationship has been used: 
                                                  ε(0)=ε(∞) ∏
ωLOj
2
ωTOj
2
N
j           (6) 
where ε(0) is the static dielectric constant, and  ωTOj and ωLOj are the angular frequencies of the transverse 
and longitudinal optical phonon modes, respectively. Here, we considered that 𝜀(0) is equivalent to 𝜀′ at 0.5 
THz. In Fig. 6 (b), the TO2 mode frequency (half-filled circles), calculated according to Eq. (6) with the 
experimental 𝜀′ at 0.5 THz and the theoretical phonon frequencies obtained from ref. 29, is plotted as a 
function of the temperature in comparison to the soft mode frequency obtained from BZO ceramics [28] 
(blue diamonds). Upon cooling, it is pertinent to note that our calculated TO2 mode frequency exhibits a 
remarkable softening similar to those observed in BZO ceramics [28]. As reported by Nuzhnyy et al.[28], 
the vibration of TO2 soft mode will be the Last type, i.e., vibration of Ba vs. ZrO6. In order to have a better 
analysis, the TO2 mode frequency has been fitted by using Eq. (3) (green solid line in Fig. 6 (b)) and we 
obtained the following fitting parameters: A = (1.02±0.2)×10-3 THz2K-1, and T0 = (-672±20) K. Since the 
quality of fit is poor below 20 K, therefore, we used Eq. (4) (red dashed line in Fig. 5 (b)) which gives the 
fitting parameters of A = (1.51±0.1)×10-3 THz2K-1, T01 = (-699±12) K, and Ts = (69±3)K. It is noticeable that 
the values of T0 and T01 are highly negative in both the fitting data of the temperature dependence of the real 
part of the dielectric constant and frequency softening in comparison to the typical quantum paraelectrics, 
STO and KTO. In CTO, upon cooling, the dielectric constant increases and saturates at low temperatures. 
According to this behavior, CTO has been classified as an incipient ferroelectric [31]. Therefore, BZO is an 
incipient ferroelectric with a perovskite structure similar to CTO [31].  
6.4  Phonon-Polariton Dispersion Relation 
 It is well known that in an ionic crystal, the electric fields accompanied with the LO phonons termed 
as irrotational fields and it cannot couples with the external electric fields. On the other hand, those 
accompanied with the TO phonons termed as rotational fields and it can couples strongly to the 
electromagnetic waves in the IR regime and propagates as phonon-polariton. The phonon-polariton 
dispersion relation has been calculated according to the Huang’s dispersion relation [19,35]: 
                                                           ε(k,ω)=
c2k
2
(ω)
ω2
                                (7) 
where 𝜀(𝑘, 𝜔), k, 𝜔, and c are the dielectric constant, wave vector, angular frequency, and velocity of light, 
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respectively. In the last several decades, the phonon-polariton dispersion relation was observed in many 
crystals by THz-TDS and Raman scattering experiments [21-23]. However, despite of extensive studies, 
there is no specific information on the dispersion relation and the damping of phonon-polaritons in a BZO 
single crystals. Since we observed the ferroelectric soft mode in a BZO single crystal and its damping factor 
is very large, therefore, it is necessary to discuss the damping effect of the polariton dispersion using a 
complex dielectric constant.  
 The dispersion curves of the polaritons were determined by using Eq. (7) from the experimentally 
observed values of the 𝜀′ and 𝜀′′ of complex dielectric constant up to 3 THz. Figures 7 (a) and (b) represents 
the experimental results for the imaginary (k′′) and real (k′) parts of the wave vector at 8 K by the open 
circles, respectively. The polariton damping in this frequency range is caused by the coupling of the low-
frequency soft modes to the electromagnetic part of polariton, respectively. The similar type of damping of 
polaritons was also observed in LiNbO3 [23,36].  In BZO, it is already said that the instability near the R25-
points in the phonon spectrum causes the zone-folding effect of phonons at the Γ-points. Without the phonon 
folding effect, the polariton dispersion relation will be a straight line [23]. Therefore, the phonon-polariton 
dispersion shows the zone folding effects that result in the interaction with the electromagnetic wave and the 
folded phonons, and then introduce polaritons with respective order in a tunable frequency regime. In order 
to determine the polariton dispersion relation with Eq. (7), we used the  
 
 
 
 
 
 
 
 
 
 
 
 
calculated value of dielectric constants by the DHO model. The calculated polariton dispersion relation at 8 
K are presented by the solid lines in Figs. 7 (a) and (b). The combination of both the experiment and 
calculation by DHO model shows a very good agreement between theory and experiment. 
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 The Raman spectrum of a BZO single crystal measured at 300 K in both the VV and VH scattering 
geometry is shown in Fig. 8. According to the selection rules, the zone-center optical phonons are of odd 
parity, and thereby are not Raman active in cubic symmetry [37]. From Fig. 8, it is seen that the Raman 
spectrum are dominated by the first-order features with broad room temperature maxima. In the pure KTaO3 
single crystals, similar Raman-forbidden first-order mode was also observed which is attributed by some 
unavoidable symmetry breaking defects [38,39]. 
 
 
 
 
 
 
 
 
 However, there is no clear difference between the Raman spectrum of VV and VH scattering 
geometry which demonstrates the formation of multitwins in a BZO single crystal. The mode frequencies 
and intensity strength of each mode are presented in Table 2. The presence of the phonon modes in Raman 
spectrum reflects a lowering of the crystal symmetry in a BZO single crystal, induced by the distortion of the 
oxygen octahedra and thus changing the crystal symmetry from cubic Pm3̅m to triclinic P1̅. Therefore, we 
can conclude that the origin of the first order Raman peaks in a BZO single crystal is caused by the lowering 
of crystal symmetry predicted by the recent THz-TDS, and first-principles studies [11].   
 
Table 2. Phonon mode frequencies and intensity strength of BaZrO3 at 300 K by Raman scattering. 
 
 
 
 
 
 
 
 
 
Mode frequency (cm-1) Intensity strength 
194 Weak 
292 Strong 
352 Medium 
422 Medium 
487 Weak 
593 Weak 
600 Strong 
637 Weak 
696 Weak 
741 Medium 
832 Weak 
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Fig. 8. Raman scattering spectra of a BZO single crystal at 300 K. 
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6.6 Conclusions 
 In summary, the temperature dependence of the far-infrared dielectric properties of a BZO single 
crystals have been investigated by THz-TDS. By comparing with first principles calculations [11] and earlier 
studies in BZO ceramics [28] and it is proposed that the lowest-frequency TO1 mode at about 2 THz is 
owing to the P1̅ symmetry of the BZO single crystal. The origin of the lowest TO1 mode, which has a low 
dielectric strength, can be attributed to the staggered arrangement of the oxygen octahedral, which couples to 
the soft TO2 mode and shows softening together towards T0. The incipient ferroelectric like temperature 
dependences of 𝜀′ is observed due to the significant softening of the low-frequency TO1 and TO2 infrared-
active phonon modes which shows good agreement with earlier dielectric studies such as CTO. The 𝜀′ at 0.5 
THz obeys Barrett’s relation and the existence of the plateau confirms that the quantum effects lead to 
saturation of the soft mode frequencies of the TO1 and TO2 modes below ≈ 20 K. The dispersion relations 
of the real and imaginary parts of a polariton wavevector were determined from the real and imaginary parts 
of the complex dielectric constant with high accuracy. The experimentally observed complex polariton 
dispersion relations were in good agreement within the experimental uncertainty with the calculated 
dispersion curves by the DHO model. The presence of first-order Raman modes, symmetry forbidden in 
cubic BZO single crystals, provides a convincing evidence to the lowering of crystal symmetry from cubic 
Pm3̅m. 
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Chapter 7 
Effect of Electric Field in BaTiO3 Single Crystals Probed by Micro-Brillouin 
Scattering 
 
7.1 Introduction 
Ferroelectric materials are widely used in sensing and transducing applications due to their superior 
electromechanical coupling along a certain crystallographic axes. In the last several decades, barium titanate 
(BaTiO3, abbreviated as BT) is one of the most extensively studied ferroelectric material due to its very simple 
and well known crystal structures. Recently, to enhance the piezoelectric properties of ferroelectric materials, 
considerable attention has been devoted owing to its possible applications in new generation devices [1]. One 
way to enhance the piezoelectric response is to control the domain configuration by the application of electric 
field and mechanical stress. A ferroelectric domain consists of a group of unit cells with the same orientation 
as the spontaneous polarization. Under the application of electric and/or mechanical fields, domain switching 
occurs via the nucleation of new domains and the movement of the domain wall. In the literature, in order to 
understand the domain switching behavior in ferroelectric single crystals, ceramics, and thin films, massive 
works have been performed and significant progress has been achieved [2-10]. Very recently, in BT single 
crystals, both 180 and 90 degree domains switching were found under the application of antiparallel electric 
field by the polarized light microscopy [7-9]. Domain switching can induce the mechanical stress and electric 
fields which may lead to the failure behavior of ferroelectric materials. In this respect, it is necessary to study 
the field induced domain switching mechanisms for applications and development of ferroelectric materials.  
BT undergoes structural phase transitions from a high temperature paraelectric cubic phase to three 
low temperature ferroelectric phases with tetragonal, orthorhombic, and rhombohedral symmetries.  In spite 
of extensive studies on BT crystals, the nature of the ferroelectric phase transitions still a controversial matter 
of discussion. Displacive-type phase transitions has been considered to occur in BT [11,12], although many 
features revealed already that they are not simply compatible with the pure displacive character. The existence 
of the order-disorder character of phase transitions has been studied by means of several experiments and 
theories [13-17]. Takahasi [14] and Comes [18] et al. proposed a model for the order-disorder phase transitions 
with off-centering of Ti ions along eight equivalent [111] directions inside a cubic matrix, which provide a 
nonzero local dipole moment in each unit cell. Burns and Dacol observed the deviation of the optic index of 
refraction from the high-temperature linear behavior and ascribed it as the existence of precursor local 
polarization in the paraelectric phase above the Curie temperature, TC [19,20]. These precursor polar clusters 
are local, noncubic regions having a broken inversion symmetry and a local polarization. Therefore, above TC, 
it gives rise to many anomalous properties, such as, anomalous behavior of the birefringence observed in the 
paraelectric phase of BT single crystals [21].  
Nowadays, it is believed that the relaxor nature of a ferroelectric material is mainly caused by the 
existence of polar nanoregions (PNRs) which appears few hundreds degree above TC so called the Burns 
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temperature (TB). In BT, some phenomena typically related to the relaxation dynamics of PNRs, namely, 
deviation from the linear temperature dependence of the index of refraction [19,20], significant softening of 
the longitudinal acoustic (LA) frequency [21,22], deviations from the Curie-Weiss law for the permittivity 
[23], and first-order Raman spectra [24,25] were observed. In addition, inelastic light scattering technique 
revealed the existence of central peaks (CPs) above TC-T indicating the existence of PNRs [21,22,26]. In spite 
of all previous studies on this important class of ferroelectric materials, a detailed microscopic view on the 
exact role of PNRs during the phase transition still remain unclear. In addition, there has been no discussion 
on the electric field induced acoustic anomalies in a paraelectric cubic phase and/or in a ferroelectric tetragonal 
phase. Moreover, the electric field induced phase transitions in BT are also interesting and intriguing topic 
under discussion. In this respect, in the present study, the Brillioun scattering technique has been applied to 
examine the effect of electric field on the acoustic properties and PNRs in BT single crystals. The domain 
switching mechanism and field induced phase transition are also studied.  
 
7.2 Experimental 
The (100) and (111)-oriented BT single crystals with the dimensions of 5 × 5 mm2 and thickness of 1 
mm (bought from MTI Company) were used after polishing its surfaces to optical quality. A micro-Brillouin 
scattering system with a 3+3 pass Sandercock-type tandem Fabry-Pérot interferometer was used to measure 
the Brillouin spectra at a backward scattering geometry with the free spectral range of 75 GHz for LA mode, 
300 GHz for CP. The exciting light source was a single frequency diode pump solid state (DPSS) laser with a 
wavelength of 532 nm and a power of about 100 mW. The sample was placed inside a cryostat cell (Linkam, 
THMS600) and the temperature was changed from 593 K to room temperature with a minimum temperature 
interval of 1 K. In order to study the effect of electric field, the two surfaces, perpendicular to [100] and [111] 
directions, were coated with silver paste along [100] and [111] directions, respectively. In addition, gold 
contact wires were attached to the electrodes.   
 
7.3 Results and Discussion 
7.3.1 Acoustic Modes 
 Figures 1(a) and (b) show a set of measured Brillouin scattering spectra of a BT crystal under zero field 
cooling (ZFC) and field cooling (FC) process, respectively, at selected temperatures. At 403 K, as shown in 
Fig. 1 (a), Brillouin spectrum consists of one LA mode and a weak CP. The appearance of a transverse acoustic 
(TA) mode below TC-T (~ 402 K) clearly reflects a ferroelectric tetragonal phase. In addition, the intensity of 
CP becomes stronger in the tetragonal phase. In order to observe the effect of electric field on the Brillouin 
spectrum, the 1 kV/cm field was applied at 533 K and then the spectra were measured on FC process.  
Each of the Brillouin spectrum was fitted by a lorentzian function convoluted by the Gaussian 
instrumental function. The temperature dependences of the frequency shift (υLA) and FWHM (ΓLA) of LA 
phonon under the ZFC and FC process are shown in Figs. 2 (a) and (b), respectively. The deviation of the 
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elastic constant (related to υLA) from its normal anharmonic behavior at around 533 K is correlated to the 
formation of dynamic PNRs and is assigned as TB. In Fig. 2 (b), on ZFC, the sound attenuation (related to ΓLA)  
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
of the LA phonon starts to increase rapidly towards the TC-T at around 503 K where the permanent PNRs 
appears and is called the intermediate temperature, T*. These two characteristic temperatures are different 
from the previously reported results by Brillouin scattering [21]. This might be due to the quality of the sample 
because they observed TC-T at around 373 K which is far below from the true TC-T in BT single crystals. 
Interestingly, our results show very good agreement with the recent acoustic emission results [27]. Upon 
further ZFC, both the υLA and ΓLA show sudden jump at around 402 K suggesting the transition from cubic to 
tetragonal phase. The sound velocity (VLA/TA) and υLA/TA at back scattering geometries can be expressed as: 
     VLA/TA=
λυLA/TA
2n
         (1) 
where λ and n are the wavelength of the laser light (532 nm) and the refractive index at 𝜆. The value of n at 
532 nm for light polarized along the a and c directions, na and nc, are 2.47 and 2.42, respectively, as 
interpolated from the data of the dependence of n on λ in ref. 28.  
Fig. 1. Brillouin spectra of 100-BT single 
crystal in (a) ZFC and (b) FC process, 
respectively, at selected temperatures.  
Fig. 2. The temperature dependences of (a) 
frequency shift (υLA) and (b) FWHM (ΓLA) of 
LA phonons of 100-BT single crystals 
measured in ZFC (blue solid symbols) and FC 
(red solid half-filled symbols) processes. The 
solid lines in the inset figures are the best fitted 
lines by Eqs. 4 and 5, respectively.  
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The elastic constants (C11 and C66), and the attenuation coefficient (αLA) of the LA and TA phonons of [100]-
oriented BT single crystals were calculated by the following equations: 
    C11=ρVLA
2 , C66=ρVTA
2    αLA=
πΓLA
VLA
       (2) 
On the other hand, the elastic constants (C33 and C44) of the LA and TA phonons can be obtained from the 
[001]-oriented BT single crystals by the following equations 
    C33=ρVLA
2 − e33
2 /ε33
s , C44=ρVTA
2          (3) 
here e33
2 /ε33
s  is the ratio of the square of piezoelectric constant to permittivity and Li et al. measured this value 
70.2 [29].   
In order to quantitative analysis of the elastic anomaly, the C11 in the inset of Fig. 2 (a) was fitted just above 
25 K from TC-T with the following equations [30]  
     C11=A1+A2T-A3(T-T0)
-m        (4) 
where first two terms describe the anharmonic behavior and third term describes the critical softening due to 
critical fluctuations. During the fitting procedure, all the parameters were kept free except T0. We determined 
the value of the T0 from the fitting of the temperature dependence of VLA [31]. It was predicted that the value 
of the critical exponent m to be 0.5 for three dimensional (3D), 1.0 for 2D, and 1.5 for 1D polarization 
fluctuations, respectively [32]. A good consistency between the observed data and fitting results was obtained 
with the exponent m = 0.54±0.03, reflecting the 3D polarization fluctuations of PNRs in BT. In KTN crystals, 
3D fluctuations of PNRs were also observed [32]. In BT crystals, the nature of the ferroelectric phase transition 
is discussed with the theoretical model predicted by Levanyuk et al. [33]. In order to do so, we have fitted the 
αLA in the temperature range from TC-T to TC-T + 25 K with the following power law    
     αLA=α1(T-T0)
-p          (5) 
The best fitted results is shown by solid line in the inset of Fig. 2(b). In the case of order-disorder phase 
transition the value of p was predicted to be 1.5. A fairly good agreement between the experimental data and 
fitting results was obtained with the exponent p = 1.47±0.22 indicating the order-disorder nature of the phase 
transition in BT. The order-disorder phase transition was also confirmed by several experiments [13-17,21]. 
 
  
 
 
 
 
 
 
 
 
 
 
Fig. 4. Electric-field dependence of the frequency 
shift and FWHM of LA phonon at 303 K of 100-
BT single crystal. 
Fig. 3. Brillouin spectra of 100-BT single crystals 
at some selected electric field at 303 K. 
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In BT, the weak random fields (RFs) exist which creates the PNRs. It is seen from Fig. 2, upon FC, 
the υLA and ΓLA shows noticeable differences in both the cubic and tetragonal phases. It is already established 
that in cubic phase the local dipole moment in PNRs fluctuates along [111] directions. Therefore, under the 
electric field along [100] direction, the density of static/dynamic PNRs decreases which is expected to weakens 
the scattering of LA phonons by PNRs, resulting in higher frequency and lower damping of LA phonons. Since 
the electric field was applied in a paraelectric cubic phase, therefore, below the TC-T, the present ferroelectric 
axis along [100] changes to [001] direction. As a result, the υLA and ΓLA shows significant changes. Therefore, 
the large difference of υLA and ΓLA between ZFC and FC process in the tetragonal phase indicates the 
transformation from the ferroelectric [100] to [001] direction.   
 The behavior of the LA and TA phonons frequency shift as a function of electric field was also 
investigated at 303 K and some spectra at selected temperatures are shown in Fig. 3. As shown in Fig. 4, the 
field dependence of υLA and ΓLA shows a sudden jump at around 3.9 kV/cm which indicates the change of 
sound velocity from [100] to [001] direction. 
 
 
 
 
 
 
 
 
 
 
 
 
 However, the results obtained for the TA phonon as shown in Fig. 5 seems very interesting. For 
convenient, the domains with polarization vector along [100] and [001] directions are defined as a and c 
domains, respectively. Since, we have measured the [100] plate at the back scattering geometry, therefore, 
initially we observed the a-domains. At around 2.94 kV/cm, an additional TA mode begins to appear and it 
persists up to 3.9 kV/cm which indicates the coexistence of a- and c-domains, respectively. On the other hand, 
from 2.94 kV/cm to 3.9 kV/cm, the intensity of the additional TA mode increases rapidly. This fact shows that 
a-domains begins to transform towards the c- domains. At 3.9 kV/cm, the intensity of the additional TA mode 
Fig. 5. Electric-field dependence of (a) the frequency shift and (b) intensity of TA phonon at 303 K 
of 100-BT single crystal. 
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becomes maximum and saturated, indicating that all the polarization switching have been completed. 
Therefore, 90 degree domain switching has been completed at around 3.9 kV/cm. Very recently Li et al. 
determined the coercive field (Ec) for the 90 degree domain switching at 5 kV/cm [8]. However, in that study 
they used the wafer specimen, therefore, the difference of coercive field might be appear. On the other hand, 
they also calculated the electric field versus stress diagram by using the two sets of typical Landau coefficients. 
According to this diagram, when the value of Ec is corrected for stress, because Pramanick et al. reported that 
the compressive stresses in a multidomain BT crystals are typically on the order of few tens of MPa [34], then 
the value of Ec ~ 3.9 kV/cm seems reasonable in BT crystals. Since we clearly observed the two LA and TA 
modes, therefore, we have calculated the four different elastic constants by using Eqs. (2) and (3). The value 
of the four elastic constants compared with the previous study is shown in Table I. A small difference appears 
in comparison with ref. 28 due to the change of temperature. 
   Table I: Elastic constants (in GPa) of tetragonal BT single crystals. 
Parameters Present study at 303 K Ref. 28 at 296 K 
C11 210 211 
C66 120 127 
C33 165 160 
C44 64 56 
 
 In order to observe the effect of electric field in a paraelectric cubic phase, the υLA and ΓLA were 
measured as a function of electric field at constant temperature just above TC-T. Iwata et al. [35] calculated the 
electric field-temperature (E-T) phase diagram on the basis of the Landau theory. It was shown that the 
application of the electric field in a paraelectric cubic phase along [100] direction causes the change of the 
phase from cubic to tetragonal [35].  Figure 6 shows the field dependence of υLA and ΓLA at 405 K. When the 
value of the electric was 2.7 kV/cm, the υLA and ΓLA suddenly jumps which indicates the phase transition from 
cubic to tetragonal phase. Here, we also obtained the E-T phase diagram at the field induced paraelectric to 
ferroelectric phase transition which is shown in Fig. 7. The E-T phase diagram shows good agreement with 
the field induced polarization measurements [36]. Recently, Novak et al., also reported the E-T phase diagram 
above TC-T and proposed that below 5.4 kV/cm the transition weakly depends on the applied electric field [37]. 
However, our experimental results and polarization measurements [36] confirms that above TC-T, the cubic to 
tetragonal phase transition is possible with the field below 5.4 kV/cm. The determination of the critical point 
(CEP) where the dielectric constant becomes maximum is an important topic in ferroelectric materials. 
Recently, the CEP in BT crystals was determined by the dielectric measurements [38] and the authors found 
the values, TCEP ~ 412 K and ECEP ~ 10 kV/cm. These values were in good consistence with the theoretical 
prediction by Porto et al. [39] in which the CEP for the monodomain crystal and for the crystals with a small 
amount of disorder is set at TCEP = 414.32 K, ECEP = 14.6 kV/cm, and TCEP = 415 K, ECEP = 9.55 kV/cm, 
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respectively. However, in the present case, the applied electric field is much smaller than the observed critical 
electric field. Therefore, we determine the slope by the Clausius-Clapeyron law [40] as  
       
dTC
dE
=
ΔPs
ΔS
        (6) 
where ΔPs is the change of polarization and ΔS is the change of entropy. From fitting curve (solid red line in 
Fig. 7), the value of the slope was determined as 0.82 and it is very close to the value observed in refs. 37, 38 
as 0.85 (we determined from the extract parameters).  
   
  
 
 
 
 
 
 
 
7.3.2 Central Peaks 
 In the previous study, the microscopic origin of the strong CP observed in BT single crystals was 
ascribed to the off-centered motions of the Ti ions in the oxygen octahedral [22]. The polarization fluctuation 
induced by the relaxational motion of the off-centered Ti ions was thought to induce the quasielastic CP from 
many BT-based perovskite ferroelectrics. Therefore, in the present study the appearance of the CP in BT single 
crystals can be the evidence of PNRs. The detailed temperature variations of CP in BT single crystals was 
already discussed by the Ko et al. [22]. However, so far, there is no concrete discussion on the CP under the 
applied electric field. In order to determine the local symmetry of PNRs, the observation of the change of the 
intensity of CP under the applied electric field can be a very convenient probe. It is because the relaxation 
time of polarization fluctuations of PNRs manifest themselves as a CP in low-frequency inelastic light 
scattering spectrum. The X-ray diffuse scattering study on BT suggested that the Ti ions are disordered among 
eight equivalent [111]-directions [18] and this was supported by X-ray absorption fine structure (XAFS) 
measurement [41]. Therefore, in local rhombohedral symmetry, if the electric field is applied along [111]-
direction, then all the PNRs will be reorient with a particular [111]-direction which can enhance the intensity 
of CP. On the other hand, if the local symmetry of PNR is tetragonal or orthorhombic, then the intensity of 
the CP should be suppressed under the applied field along [111] direction.  
In order to observe effect of electric field on PNRs, we measured the field dependence of PNRs in a 
paraelectric cubic phase of both the [100] and [111]-plates of BT single crystals. Figures 8 and 9 represents 
Fig. 6. Electric field dependence of frequency 
shift and damping of LA phonon at 405 K of 100-
BT single crystal. 
Fig. 7. The E-T phase diagram measured in a 
paraelectric cubic phase in the case of 100-BT 
single crystal. 
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the electric field dependence of CP of the [100] and [111] oriented BT single crystals, respectively. The CPs 
were fitted by Voigt function and obtained intensities are shown in Figs. 10 and 11, respectively, for the (100) 
and (111) plates.  It was proposed earlier that the CP in BT appears due to the off-centering of Ti ions along 
[111] directions [21,22, 42]. For the 100-BT, when the electric field was applied along [100]-direction, all the 
PNRs had been switched  
 
   
 
 
 
 
 
 
 
 
 
  
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 8. Electric field dependences of CP in a paraelectric cubic phase at (a) VH and (b) VV 
scattering geometry of 100-BT single crystals. 
Fig. 9. Electric field dependences of CP in a paraelectric cubic phase at (a) VH and (b) VV 
scattering geometry of 111-BT single crystals. 
Fig. 10. Electric field dependence of CP intensity in 
a paraelectric cubic phase of 100-oriented BT 
single crystals. 
Fig. 11. Electric field dependence of CP 
intensity in a paraelectric cubic phase of 111-
oriented BT single crystals. 
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to the stable states with the polarization vectors being closest to the direction of the applied electric field. As 
a results, the intensity of CP decreases markedly. On the other hand, in [111] oriented plated, under the applied 
filed along [111] directions, all the PNRs had been switched to [111] direction, and the intensity of the CP 
increases rapidly. Therefore, it is confirmed that in BaTiO3, the local polarizations of PNRs exist along [111] 
directions and it can be easily switched by the application of the electric field. 
 
7.4 Conclusions 
 In summary, the significant softening of υLA and ΓLA were observed in the vicinity of a cubic to 
tetragonal phase transition, TC-T ~ 402 K. Under the applied electric field at 533 K, the increase of υLA and 
decrease of ΓLA were found due to the reduced density of twin domain walls and static/dynamic PNRs. In the 
vicinity of TC-T, the temperature dependence of sound attenuation was analyzed by the theoretical model 
indicating the order-disorder nature of the ferroelectric phase transition in BT. A complete 90 degree domain 
switching process at 303 K was observed which could be very helpful for deep understanding of domain 
switching mechanism in the field of ferroelectrics. An E-T phase diagram was determined and the slope was 
calculated by the Clausius-Clapeyron law. Under the application of the electric field in a paraelectric cubic 
phase, two phenomena were observed: (i) the CP in [100]-orientated BT is suppressed, and (ii) the CP in [111]-
orientated BT is strongly enhanced. These two phenomena provide a clear evidence that the local structure of 
PNRs in BT single crystals is perfectly rhombohedral.  
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Chapter 8 
Conclusions 
This dissertation is devoted to investigate the physical properties of perovskite-type ferroelectric materials by 
the inelastic light scattering and terahertz time-domain spectroscopy. The investigated materials are PMN-xPT 
single crystals with x = 17 and 56, BaZrO3, and BaTiO3 single crystals. The major differences among these 
four types of materials are the compositional heterogeneity and off-center displacements of A and B site 
cations. In PMN-xPT systems, both the A and B site cations go to the off-center positions which is responsible 
for the random fields (RFs). In BaTiO3, also the Ti ions go to the off-center position which acts as the source 
of RFs. Since the ionic radius of Zr atoms is much larger than that of Nb and Ti atoms, therefore, in BaZrO3, 
Zr ions keep its on-center position.  Due to the presence of the RFs, the local symmetry breaking by polar 
nanoregions (PNRs) in a paraelectric cubic phase was observed in the case of PMN-xPT and BaTiO3 single 
crystals. Following conclusions can be made separately from the four investigated materials:  
PMN-56PT Single Crystals 
  The existence and local symmetry of PNRs in PMN-56PT single crystals with weak RFs were 
investigated by inelastic light scattering studies. A significant softening of the sound velocity and the rapid 
increase of attenuation were clearly observed in the vicinity of the phase transition point, TC-T ~ 533 K. The 
Burns temperature, TB ~ 673 K, and the intermediate temperature, T*~ 603 K, were determined from the 
temperature dependence of frequency shift and FWHM of a longitudinal acoustic (LA) mode. In the vicinity 
of TC-T, the anomalous change of elastic constant (C11) in a paraelectric cubic phase was well reproduced by 
the power law which exhibits the three dimensional polarization fluctuations of PNRs. The order-disorder 
nature of the ferroelectric phase transition was clearly observed and discussed by the theoretical model by 
Levanyuk et al.  
  The depolarized (VH) and polarized (VV) central peaks (CPs) observed in Raman spectra indicate 
local tetragonal symmetry of PNRs with the point group 4mm which is different from the local rhombohedral 
symmetry with strong RFs for the well-known Pb(Mg1/3Nb2/3)O3. In Brillouin scattering, upon cooling from 
the high temperature, the motion of the off-center ions gives rise to the reorientational dynamics of local 
polarizations in PNRs which was seen directly through the evolution of the VH-CP near TB. The switching 
motion of local polarization in PNRs were gradually restricted towards [100], [010], and [001] directions upon 
cooling due to weak RFs, leading to the marked increase in the VH-CP intensity. By the analysis of the 
modified super paraelectric model for the VH- and VV-CPs, the higher activation energy of the transverse 
fluctuation was obtained in the VH-CP. Due to the higher activation energy, the remarkable slowing down of 
the transverse fluctuation towards TC-T was observed.  
 
PMN-17PT Single Crystals 
 The relaxor nature and the existence of the first order Raman modes in a paraelectric cubic phase of 
PMN-17PT single crystals with intermediate RFs were investigated. The local symmetry of PNRs was found 
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to be rhombohedral which is similar to the PbMg1/3Nb2/3O3 with strong RFs. From the analysis of the angular 
dependence of Raman scattering results, it is shown that the presence of the CORs and PNRs with Fm3̅m 
and R3m symmetry, respectively, in a cubic phase are responsible for the high temperature Raman spectra. 
In Brillouin scattering, under the sufficient electric field, the LA mode splitting was observed due to the 
mixed state of macro- and nano- domains caused by the intermediate RFs. The electric field induced 
rhombohedral to tetragonal phase transition was observed from the appearance of the transverse acoustic 
(TA) mode. The stretched critical slowing down of the relaxation time determined from the CP exhibits was 
observed.   
 
BaZrO3 single crystals 
 We have investigated the temperature dependence of the far-infrared dielectric properties of a BaZrO3 
(BZO) single crystal with the absence of RFs by THz-TDS. By comparing with previously reported data in 
BZO ceramics and first principles calculations, we propose that the lowest-frequency TO1 mode near 2 THz 
is due to the P1̅ symmetry of the BZO single crystal which is different from Pm3̅m symmetry. The lowest 
TO1 mode has a very low dielectric strength compared with that of the TO2 mode and it is attributed to the 
staggered arrangement of the oxygen octahedral, which couples to the soft TO2 mode and shows softening 
together towards T0. The low-frequency TO1 and TO2 infrared-active phonon modes exhibit a significant 
softening and the dielectric constant increases upon cooling. Their temperature dependence accounts for the 
characteristics of other incipient ferroelectrics, such as CTO, in agreement with earlier dielectric studies. The 
real part of the complex dielectric constant at 0.5 THz obeys Barrett’s relation and the existence of the plateau 
confirms that the quantum effects lead to saturation of the soft mode frequencies of the TO1 and TO2 modes 
below ≈ 20 K.  
The phonon-polarition dispersion relations were determined from the real and imaginary parts of the 
complex dielectric constant with high accuracy and it was in good agreement within the experimental error 
with the calculated dispersion curves by the DHO model. The existence of first-order Raman peaks, symmetry 
forbidden in cubic BZO single crystals, provides a convincing evidence to the symmetry lowering from cubic 
Pm3̅m symmetry.  
 
BaTiO3 Single Crystals  
  The temperature and electric field dependences of acoustic mode and CP were studied in the well-
known BaTiO3 (BT) single crystals with weak RFs by Brillouin scattering. Upon cooling, a remarkable 
softening of the frequency shift (υLA) and width (ΓLA) of a LA phonon were observed towards the cubic to 
tetragonal phase transition, TC-T ~ 402 K. Under the applied electric field along [100] direction, the increase 
of υLA and decrease of ΓLA were found due to the reduced density of nano-domain and static/dynamic PNRs. 
In the vicinity of TC-T, the temperature dependence of sound attenuation was analyzed by the theoretical model 
indicating the order-disorder nature of the ferroelectric phase transition in BT. An E-T phase diagram was 
determined based on the changes of the υLA and ΓLA above TC-T. The CP in the Brillouin frequency window 
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reflects the existence of PNRs. By the application of the electric field in a paraelectric cubic phase, two 
phenomena were observed: (i) the CP in [100]-orientated BT was suppressed, and (ii) the CP in [111]-
orientated BT was strongly enhanced. These two phenomena provide a clear evidence that the local symmetry 
of PNRs in BT single crystals is perfectly rhombohedral.  
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